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FOREWORD 
WALDEMAR LINDGREN—AND ECONOMIC GEOLOGY 


We dedicate this number of our Journal to the memory of Waldemar 
Liridgren who was born 100 years ago on February 14, 1860. 

Waldemar Lindgren was one of the small group of geologists in Wash- 
ington, D. C. who met together to plan and found this Journal. The details 
of the organization of the Economic Geology Publishing Company were 
worked out at meetings in his book-filled office in the old Geological Survey 
suilding in Washington. Following these informal meetings the Economic 
Geology Publishing Company was incorporated in the District of Columbia, 
to publish the journal, Economic Geology. Lindgren was the first to be 
elected a Director and Associate Editor of the Journal, which positions he 
occupied throughout the rest of life. Then at the first Annual Meeting of 
the Directors and Stockholders held in Washington in May 1906, Lindgren 
was elected President of the Publishing Company, and was reelected each year 
until his death in 1939. It was at Lindgren’s suggestion that John Duer 
Irving was appointed the first Editor; and in 1918 it was at his suggestion 
also that the present Editor was appointed to succeed Irving. 

In the thirty-three years of his presidency of the Economic Geology Pub- 
lishing Company Lindgren continued to hold a deep personal interest in this 
Journal. Time after time on his many trips from Cambridge to New York 
or Washington he would stop off in New Haven between trains to have a 
visit with this young Editor to discuss the affairs and policies of the Journal. 
He offered many suggestions of potential articles for the Journal that might 
be stimulated into actuality by the Editor. And many excellent articles that 
have appeared in the Journal are the result of those suggestions. When I 
was feeling a little worried and glum over the Journal's finances in those earlier 
years he would buoy me up with his cheery optimism. Those visits are mem- 
orable to me for our discussions generally led outside the affairs of the 
Journal into the broader and stimulating field of the genesis of ore deposits. 
Several times in his enthusiasm and interest he forgot to catch his train. I 
recall on one trip he somewhat apologetically handed me a manuscript on 
“A Suggestion for the Terminology of Certain Mineral Deposits” * in which 
he proposed additional terminology to his well-known “Classification of Min- 
eral Deposits.” It introduced his new terms of Epithermal, Mesothermal, 
and Hypothermal for the hydrothermal family, and several other additional 
terms. We had quite a discussion over the other new terminology of his 
proposed new classification. He wavered whether to let it go in for publica- 
tion but decided to do so in order to see what response it might bring. Some 
of this “other terminology” was not adopted in the later revisions of his “Min- 


1 Econ. Grorocy, vol. 17, 1922, p. 292-294 
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eral Deposits”. This book of world renown is still in use and some copies 


of it were sold last year, even though the last edition appeared over a quarter 
century ago, 

There is also another outstanding association of Lindgren with this 
Journal. It was he who brought into being in 1928 the Annotated Bibliog- 
raphy of Economic Geology, a publication of the Economic Geology Publish- 
ing Company. It was Lindgren’s child. He not only initiated it, but ar- 
ranged for the financing of the abstracts; organized a corps of abstractors; 
and, busy as he was, he devoted himself wholeheartedly to writing many ab- 
stracts (2,545 in number) as an example of what could and should be done. 
Readers of the abstracts in the early volumes of the Bibliography will recall 
with admiration and many chuckles the pithy remarks that flowed from Lind- 
gren’s pen. It was Lindgren’s suggestion that the Economic Geology Pub- 
lishing Company undertake the financial problems of publication, subscrip- 
tions, and distribution of the Bibliography. Although the Publishing Com- 
pany undertook this with considerable financial trepidation it has now been 
carried on without loss to the Publishing Company through thirty-two vol- 
umes. His child has grown into constructive maturity. 

It is outside the scope of this brief editorial to refer to Lindgren’s out- 
standing contributions to the science of geology, known throughout the world. 
One need only refer to the impressive and touching memorial to Waldemar 
Lindgren by L. C. Graton that appeared in the December, 1939, issue of this 
Journal. This phase of the subject is dealt with elsewhere in this commemora- 
tive number by M. L. Jensen and L. C. Graton. 

The volumes of this Journal are replete with outstanding contributions 
by Lindgren that have greatly enriched the literature of economic geology. 
One need only open the ten-volume indices of Economic Geology at the name 
“Lindgren” and observe beneath the long lists of articles and quotations to 
realize the quality, breadth, and productivity of this renowned scholar. In 
its fifty-five years of existence the Journal has justified the faith Lindgren 
had in it. It too has grown into maturity. 

The Journal is pleased to have this opportunity of honoring the memory 
of a great and beloved geologist by making this issue of the Journal a Cen- 
tennial Commemorative Number to Waldemar Lindgren. 


Tue Eprror 


PREFACE 
CENTENARY OF WALDEMAR LINDGREN 


Waldemar Lindgren was born on February 14, 1860, “at Wassamoldésa, 
near Kalmar, in the extreme southeast portion of Sweden, two hundred miles 
south-southeast from Stockholm” (1). The centennial of the birth of the 
World's Foremost Economic Geologist offers an occasion, first, to commem- 
orate his memory, second, to recall some of his sage advice that is particularly 
appropriate now, and third, to reflect briefly upon what progress and changes 
have occurred in the field of economic geology, especially during the last 
twenty years following Lindgren’s death in 1939. 

This issue of Economic Gro.ocy is to be known as the “Lindgren Issue” 
in honor of the man and in recognition of his centennial. Massachusetts In- 
stitute of Technology, where Lindgren served as Chairman of the Department 
of Geology for two decades (1912-1933) and also as Chairman of the De- 
partment of Mining and Metallurgy for a shorter period (1920-1926), is hon- 
oring his memory by establishing a “Waldemar Lindgren Fund.” The income 
from this fund will be used at first for student scholarships and student and 
staff research in the M.I.T. Department of Geology and Geophysics, but it 
is hoped that the fund will ultimately be large enough to support a Waldemar 
Lindgren Professorship. The Library that will be included in the new Earth 
Science Building at M.I.T. will be known as the “Waldemar Lindgren Li- 
brary” and will thus further memorialize his work at M.I.T. 

The life of Lindgren can be divided into three periods, including, within 
each, a year or two of a quarter of a century. His interest in geology, more 
especially mineralogy, began at the age of 10, continued through his teens, 
and remained as his choice of a profession after working in the zinc mines 
of Ammeberg for several months during his eighteenth year. He then entered 
the world-famous Royal Mining Academy, Freiberg, Saxony, where he 
studied five years, including one year of graduate training, following which 
he sailed for the United States with no promise of a job but a desire to utilize 
his geologic knowledge in America. Lindgren himself, as the Penrose Medal- 
ist of the Geological Society of America in 1933, has described this second 
quarter century phase of his life as follows: 


Can you conceive of anything more fortunate? A young chap comes to New York 
with a letter from a Philadelphia Quaker friend to a friend in New York who 
introduced the said young chap to a vice-president of the Northern Pacific, who 
wrote to a friend of his, named Pumpelly; and Pumpelly wrote back and said, 
“Yes, I'll pay the boy twenty-five dollars a month if he will come out to Montana.” 
And the boy said: “Sure thing,” and he was dumped right into the field party of 
William Morris Davis and into one of the most wonderful provinces of alkaline 
rocks in the world. How is that for a start? 

Later, Pumpelly wrote a letter to G. F. Becker of the United States Geological 
Survey, and still later Becker communicated with C. D. Walcott, and thus the 
chap, who was myself, landed in Washington, D. C. And to Walcott my ever- 


iv PREFACE 


lasting gratitude! He trusted me enough to give me an important piece of in 


dependent work, and this policy was continued by my good friend, George Otis 
Smith. 


So you see, | have proved my thesis. My friends just passed me along, and 
the rest was easy. 


This second quarter of a century began in November, 1884, when Lindgren 
joined the U. S. Geological Survey. During the following 26 years, he had 
the almost unparalleled experience of visiting, studying, and directing the 
studies of hundreds of mining properties. Nevertheless, it was not just this 
experience that equipped Lindgren for the major advances that he made in 
the subject of ore genesis, for besides this practical experience, he was a sage 
and most perspicacious scientist who made astute observations. Coupled with 
these attributes, he was a voracious reader of not only the geological literature 
but of many more subjects. As an indication of his belief in remaining abreast 
of the geologic literature, Lindgren recommended during 1928, at which time 
he was Chairman of the Division of Geology and Geography of the National 
Research Council, the establishment of the Annotated Bibliography of Eco- 
nomic Geology. During the next 10 years Lindgren, through his reading 
knowledge of at least eight languages, personally contributed more than 2,500 
abstracts, more than 5 per week! Near the end of this quarter century he 
gave a series of lectures at Massachusetts Institute of Technology (then in 
Boston) during 1909, 1910, and 1911. These lectures culminated in the first 
edition of his textbook, Mineral Deposits, which was published less than two 
years after the presentation of the lectures. The theories of ore genesis pre- 
sented in this text represent the climactic results of his prolific studies with 
the U. S. Geological Survey. The zenith of his career followed, however, in 
his academic life. 

Lindgren’s third and final quarter century began in 1912 when he accepted 
the position of William Barton Rogers (geologist, instigator, and first Presi 
dent of M.I.T.) professor of economic geology and Chairman of the Depart- 
ment of Geology, Massachusetts Institute of Technology. Lindgren was 
then 52 years of age, a dean of mining geologists. He had written more than 
100 scientific papers but as a strong advocator of the duty of investigators 
to present their views before their fellow geologists, his writings continued 
to appear. Of his four most important contributions to science, as listed by 
Butler (1), his fourth, the Nature of Metasomatism, was presented during 
his academic life. Even though it was based partly upon prior field investiga- 
tions, his use of the new “tool”, the mineralographic microscope, that was 
developed at about the time that Lindgren entered academic life, was certainly 
an important aid in his development of the improved understanding of the 
mechanism of replacement. 

Considering the present divergent views on the best curriculum for edu- 
cating geology students, it is worthwhile to consider just two views expressed 
by Lindgren on this subject (3), views albeit of more than 26 years ago. 

Regarding mathematics, there is much diversion of opinion. It seems to me 


that calculus, including differential equations, is indispensable. Even if the student 
scarcely ever has an opportunity to use these subjects in research, he must be 
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familiar with the processes by which so many of the problems of physics and 
chemistry are solved. 


Few would deny even the increased validity of this view today. 

He furthermore deplored the tendency, even then, of stressing applied 
geology when pure (basic) science is more or less neglected. Lindgren 
said (3): 


Practical life, action, money—these are the lights that seem to call the young men 
Too many regard applied geology simply as an engineering study which, once 
mastered during a few years of study, will serve for a lifetime. Many of these 
men never publish anything, never try to advance the science or benefit their 
colleagues by writing their experiences. They are really petrified geologists, and 
of no use for the advancement of science 


Realizing Lindgren’s strong belief in the importance of basic research 
one wonders if his reaction would be even more bearish in regard to the recent 
collapse and failure of instigating an organization to conduct, administer, and 
finance research programs recommended by the Subcommittees of the Ad- 
visory Committee for Minerals Research, appointed by the National Science 
Board, regarding the need for ecientific knowledge and research in mineral 
reserves and resources, fields in which much basic research is urgently needed. 
Surely no one who realizes the imperative significance and need of basic re- 
search in ore genesis and mining geophysics, can deny the need of such an 
organization or even attempt to estimate the future economic potential of the 
resulting studies of such an organization. Remember, Lindgren instigated 
his own recommendation to establish the Annotated Bibliography of Economu 
Geology by almost single-handedly raising approximately an initial $20,000.00 
from individuals, mining, and petroleum concerns Cannot similar enthusiasm 
and action today revive the recommendations for the establishment of an 
American Mining Institute of Basic Research ? 

Considering further Lindgren’s attitude toward the support of basic re- 
search there is little doubt that he would be extremely interested in the 
present-day applications of modern instrumentation techniques to both labora- 
tory and field studies, studies of : solid diffusion mechanisms, rock and mineral 
assemblages existing under various pressure temperature conditions, phase 
relationships of minerals, and the measurement of the increased solubility of 
sulfides in water charged with hydrogen sulfide or sulfur and the efficacy of the 
potential role of complex ions in regard to aqueous ore-forming processes. The 
application of especially oxygen and sulfur isotopic analyses to problems of ore 
genesis has been most rewarding with indications that the future potential 
will even be greater. Initial determinations of the elemental and even 1so- 
topic composition of fluid inclusions existing in ore specimens and associated 
gangue minerals may provide the needed knowledge about the composition of 
ore-bearing solutions. Wit! the exception of the increased and important 
efforts now underway on the study of sulfides, Graton’s Secondary Enric h- 
ment Investigation of almost half a century ago does seem to be the latest 
concentrated basic research study of sulfides. 

Even though Lindgren’s text was revised for the last time more than a 


vi PREFACE 


quarter of a century ago, it is still considered to be one of the best sources 
of present-day theories of ore genesis. A textbook that has not been outdated 
in that time suggests either that Lindgren was indeed an exceptionally astute 
observer, thinker, and writer in the field of ore genesis, or that little progress 
or few contributions have been made in the field during the past quarter 
century. Few will disagree with the validity of the former view but could 
there be more truth than we would like to admit in the latter suggestion ? 

It should be realized that Mineral Deposits is essentially a text on ore 
genesis, i.e., processes by which minerals are concentrated. Lindgren cor- 
rectly believed that there was no “short-cut” to being a successful applied 
geologist ; only by studying and acquiring an understanding of the ramifica- 
tions of all the specialties of geology, plus as many other sciences as possible, 
could a geologist be versatile enough to tackle the problems he would en- 
counter as an applied geologist. Today, the applied geologist must be even 
more versatile. The search for hidden mineral deposits covered by alluvium, 
glacial moraine, and/or a thick mantle of soil and vegetation requires (or 
should require) not only an increased basic knowledge of geology but, also, a 
sound knowledge of applied geophysical and geochemical prospecting techniques 
besides. Lindgren’s text makes no mention of these techniques, in fact the 
word “geophysics” is not even listed in the index of his text. This is not 
only an indication of the very significant advances made especially in mining 
geophysical instrumentation during the past decade but, moreover, that Lind- 
gren’s text was meant to be essentiaily a basic text on the principles and 
theories of ore-genesis. 

In the last paragraph of possibly the last published writing of Lindgren 
(6), a memorial to Frederick L.. Ransome, his former associate in the U. S. 
Geological Survey and later a teaching colleague, Lindgren commented that 
“geologists have been accused of acquiring pet theories ‘and of running them 
into the ground.’ It seems appropriate, therefore, to mention that during 
the past few years there does seem to have been more skepticism than usual 
in accepting, for example, the magmatic hydrothermal origin for some of the 
newer deposits and even some old ones, viz., White Pine, Michigan ; Rhodesian 
Copper belt ; and even the sandstone-type or peneconcordant uranium deposits. 
Even though some of the staunch supporters of magmatic hydrothermal proc- 
esses may not follow the resurge of belief in the syngenetic and meteoric 
hydrothermal processes, that have not necessarily been suggested by students 
of ore genesis just to be anti-magmatic hydrothermalists for they do accept 
this as a valid process for many other deposits, it is a healthy sign that 
what dogmatism there might be in the prevalence of “pet theories,” it 
is not preventing the expression (really re-expression) of different views. 
Incidentally, as staunch a supporter of magmatic hydrothermal processes as 
Lindgren was, he certainly accepted the theory that the concentration of 
uranium and vanadium to form peneconcordant deposits and even “red beds” 
copper deposits “must surely have been effected by meteoric waters” (4, p. 
414). These deposits are included in the chapter in Mineral Deposits en- 
titled, “Deposits formed by concentration of substances contained in the 
surrounding rocks, by means of circulating waters,” in which he also includes 
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the Kuperschiefer of Mansfeld, Germany, and even the Kennecott, Alaska, 
deposit. He also states, under the subtitle of “origin” in regard to the copper 
deposits of the Belgian Congo and Northern Rhodesia, that “most of the 
South African geologists call the deposits mesothermal, formed by granitic 
emanations. This theory has apparently not yet been proved. A theory of 
sedimentary origin with subsequent slight metamorphism can not yet be 
wholly discarded” (4, p. 632). And this was written long before Garlick 
and Brummer (2) even attempted to establish the fact that there are no 
Younger Granites in the Rhodesian Copper belt, although Schneiderhéhn’s 
similar view was in print (7) several months before the 4th Edition of Min- 
eral Deposits was sent to press. 

Be that as it may, another of Lindgren’s last publications (5) is a discussion 
of the subject, “Waters, Magmatic and Meteoric,” that appeared two years 
after the 4th Edition of his text. In this paper Lindgren expresses the 
opinion in regard to the quantity and distribution of meteoric (in which he 
included connate) water that “the present tendency to minimize their quantity 
and importance has perhaps gone too far. The thesis is advanced that meteoric 
waters in permeable sedimentary rocks may easily reach a depth of 8,000 
and possibly over 10,000 feet.” 

As brief as this reflecting pause has been, it does seem as though economic 
geologists have indeed recently made important advances, especially through 
small group and individual efforts (as did Lindgren) by a combination of 
detailed field studies and laboratory investigations. Possibly the latter has 
been more productive during the last decade put the two are definitely sym- 
biotic and are not so divergent or unrelated as some polemicists would have 
us believe. 

In conclusion, a quote from G. F. Loughlin (1) is appropriate. “The 
science of mineral deposits is by no means a one-man science, but, when we 
reflect on its growth, we find that no one so much as Lindgren has contributed 
to and guided its advance.” On the one hundredth anniversary of the birth 
of Waldemar Lindgren, this statement is still valid. He is, therefore, de- 
serving of the title, World’s Foremost Economic Geologist. 


M. L. Jensen 
DEPARTMENT OF GEOLOGY 
UNIversity. 
December 17, 1959 
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ABSTRACT 


One of the problems of the wartime program of studies of domestic 
manganese deposits concerned the identification of, and modes of origin 
of the manganese oxide minerals. Of the hundreds of specimens of the 
oxides collected in the United States, the minerals of about 250 specimens 
were identified by X-ray analysis; complete chemical analyses were made 
of about 35 specimens and partial analyses of about 150 specimens. This 
report presents the conclusions that arise out of a review of the geologic 
environment under which the specimens were found. One conclusion 
of this review concerns the supergene vs. hypogene origin of the oxides. 
In order to reach conclusions concerning the supergene and hypogene 
origin of the 33 oxides of manganese recognized thus far, it was necessary 
to define the criteria that seemed usable. 

One group of oxides appears to be persistently supergene: groutite, 
hydrohausmannite, lithiophorite, rancieite, hetaerolite, hydrohetaerolite, 
chaleophanite, crednerite, woodruffite, and wad. Another group of oxides 
appears to have been formed only by hypogene processes: manganosite, 
hausmannite, pyrochroite, bixbyite, galaxite, jacobsite, franklinite, pyro- 
phanite, and ilmenite. A third group of oxides appear to have been formed 
by supergene processes in some places and by hypogene processes in other 
places: manganite, pyrolusite, ramsdellite, cryptomelane, psilomelane, 
hollandite, braunite, and coronadite. 

Another conclusion concerns a genetic relation between: (1) veins of 
manganese oxides in the southwest, largely in Tertiary volcanic rocks, 
(2) bodies of oxides in travertine aprons near active hot springs, and 
inactive Pleistocene springs, and (3) stratified oxides, largely in late 
Tertiary sedimentary rocks in the southwest. From the features of these 
three groups of deposits of oxides and their geologic and geographic dis- 
tribution, it appears that hot water from great depth rose on fractures 
in areas of volcanic activity, deposited oxides in the fractures, appeared 
at the surface as hot springs, deposited oxides in the aprons near the 
springs and continuing to local basins, deposited manganese oxides with 
local debris as persistent beds in sediments, partly or wholly of volcanic 
origin. 


INTRODUCTION 


In the literature of mineralogy and ore deposits there is much concerning 
the identity, associations, and mode of origin of some of the oxides of man- 
ganese. In recent years several articles are devoted wholly or largely to the 
identification of the principal oxides (75, 71, 53, 60, 14), but the literature 
is deficient in comprehensive reviews of the geologic environment under 
which the various oxides of manganese have been formed. 

Until the method of X-ray analysis of minerals was perfected, there was 
probably no group of minerals to which names were more loosely and care- 
lessly applied than that which includes the common oxides of manganese. 
Unless material showed terminated crystals, or complete analyses of carefully 
selected material were available, identifications were commonly based upon 
hardness, color, streak, specific gravity, or etch reactions on polished sections. 

In the hope of clarifying the problems of the occurrence and mode of origin 
of the oxides of manganese, several geologists of the U. S. Geological Survey 
began, in 1940, a program of field study and collection of many specimens of 
the oxides of manganese and of laboratory studies, X-ray and chemical anal- 


DEPOSITS OF THE MANGANESE OXIDES 3 


yses, of the specimens. As one result of the laboratory work, Fleischer and 
Richmond published a preliminary report in 1943 (14) on the work completed 
to that date. Since 1943, many more specimens have been collected in the 
United States as well as in Cuba and in Mexico and much more laboratory 
work has been done. At present, nearly 500 X-ray analyses have been made 
in the Geological Survey laboratory and more than 200 partial and complete 
chemical analyses have been made (15). Also, preliminary studies have 
been made of many polished sections. 

In 1955, one of the writers (D. F. Hewett) began a review of the man- 
ganese deposits of the United States that it is hoped will lead to the publica- 
tion of a comprehensive report on the geologic features of the deposits. The 
first step in the preparation of this report is the review of the recorded de- 
posits of each state. Afte’ the review of the deposits in seven southwestern 
states had been completed in mid-1957, it seemed advisable to review the 
manganese oxide minerals and specifically to interpret the environment and 
mode of origin of the oxides as represented by about 250 specimens collected 
throughout the United States. The study has included also a preliminary 
review of the nature and environment of nearly 250 specimens collected in 
Cuba and Mexico. 

In addition to yielding some conclusions concerning the mode of origin of 
the oxides in numerous areas, the study seems to throw light on the relations 
of several groups of manganese oxide deposits to each other and of some 
manganese minerals to minerals of several other metals. 

Acknowledgments.—It is appropriate to make generous acknowledgment 
of the work and assistance given by numerous associates on the Geological 
Survey. Specimens were collected during field studies by Sherman K. 
Neuschel, Ralph J. Roberts, Max D. Crittenden, S. G. Lasky, C. F. Parks, 
Jr., P. D. Trask, E. N. Goddard, and others. Almost all of the chemical 
analyses have been made by Michael Fleischer; X-ray analyses by W. E. 
Richmond and J. M. Axelrod; some polished sections have been examined by 
Charles Milton; all the laboratory work had the advice and encouragement 
of C. F. Park, Jr., and T. A. Hendricks. In the preparation of this paper, 
Hewett had the benefit of many discussions with his associates in Menlo Park, 
especially M. D. Crittenden, R. J. Roberts, V. E. McKelvey D. E. White, 
and others of the Geological Survey. The authors also appreciate greatly 
the critical reviews of the manuscript by Charles F. Park, Jr., S. G. Lasky, 
M. D. Crittenden, and Augustus Locke. 

In making this study, the writers have placed greatest confidence on the 
determinations of the mineral character of the 250 specimens collected by 
their associates on the Geological Survey and analyzed by Richmond, Fleischer, 
Axelrod, and Milton, but they have used the laboratory determinations and 
field relations of some manganese minerals as recorded in recent literature. 
Special acknowledgment should be made for the many chemical analyses of 
specimens and small lots of manganese minerals and ores made by the chemists 
of the U. S. Bureau of Mines as recorded in the Reports of Investigations and 
Information Circulars since 1940. The analyses recorded in these reports are 
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the only dependable information available concerning the manganese ores 
and minerals in many districts. 

As the text shows the specimens analyzed were collected from many dis- 
tricts throughout the United States; it will be apparent, however, that many 
more specimens were collected from some states, i.e. New Mexico, than from 
others. The 250 specimens do not, therefore, indicate the actual abundance 
of the several manganese oxides from place to place throughout the United 
States. 

Obviously, the conclusions expressed in this paper concerning the modes 
of origin of the manganese oxides apply only to those deposits in the United 
States that have been studied recently. Deposits of manganese oxides are 
known and exploited in many countries throughout the world. If the con- 
clusions and hypotheses concerning genesis here expressed are correct, they 
should aid in understanding the deposits of oxides elsewhere. 


CRITERIA OF SUPERGENE OR HYPOGENE ORIGIN 


In considering the origin of the manganese oxide minerals in their various 
environments, the source of the manganese is a basic question; is it derived 
from sources above, supergene, or from below, hypogene ? 

Historically, the term “hypogene” has been applied to rocks, to hot waters, 
and to minerals. Lyell in 1833 used the word to include the rocks, plutonic 
and metamorphic, that were formed within the earth. Much later, in 1902, 
Suess used it to include thermal waters believed to be of juvenile origin. In 
a report on the Superior district, Arizona, in 1914 (61), Ransome applied 
the term “hypogene” to minerals whose components were derived from depth 
(below) and also suggested “supergene” to apply to minerals deposited by 
downward-moving waters; he did not mention, however, the criteria that 
may be used to determine which minerals were hypogene and which were 
supergene. Probably more than any other geologist, Lindgren is responsible 
for emphasizing the importance of the ground-water level in determining 
which minerals are hypogene and which are supergene. In the problem of 
determining the modes of origin of the manganese oxide minerals, it is im- 
portant to summarize the criteria that may be used. 

In the following review of the environments of the supergene and hypogene 
oxides of manganese, it will be appropriate to consider them in two general 
regions: (1) the southeastern states, approximately those south of the 41st 
parallel or a line drawn from Nebraska to central Pennsylvania and east of 
the Rocky Mountains; and (2) the western states, those which include and 
lie west of the Rocky Mountains. In the southeastern states, many deposits 
of manganese oxides are known and they have been the source of many 
samples examined during this inquiry. Except in Minnesota, there are few 
deposits of oxides in the northern and northeastern states. Deposits of the 
oxides have been explored in all the western states and they have been the 
source of most of the samples studied in this inquiry. 

1. Relation of the oxide minerals to the local water-level. In many 
mining districts some minerals, mostly oxides and carbonates of the common 
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metals, are confined to the near-surface zone above that which is fairly sat- 
urated with water. Below the top of the zone of ground water, oxides of 
the metals are generally sparse or absent and the ore minerals that prevail 
are the sulfides of the metals. In most districts the oxides of manganese 
above ground water commonly give way in depth to the carbonate, silicate, 
or sulfide. If the top of the zone of ground water is a simple, nearly hori- 
zontal surface, as at Tombstone, Arizona, above which the oxide minerals of 
manganese are abundant and below which only the sulfide of manganese and 
a little carbonate are known, it can be stated with confidence that the oxides 
above water level are supergene and that the sulfide and carbonate below water 
level are hypogene. In some areas, however, such as the eastern part of the 
Bisbee district, manganese oxides persist to as much as 1,000 feet below the 
local water level. In this and similar situations, some believe that the lower 
limit of the manganese oxides represents an old or “drowned” water level. 
Obviously, in those places where the common oxides of manganese persist 
hundreds of feet below the existing water level, some caution must be shown 
in interpreting the significance of the oxide minerals that are found below 
water level. 

In general, the depth from the surface to water in a district increases 
with the decline in rainfall and varies from place to place in a district depending 
largely upon the surface relief and the nature and structural features of the 
rocks. In some districts, such as Philipsburg, Montana, where the deposits 
have been extensively explored and it is adequately proved that the oxides of 
manganese are derived from rhodochrosite, the depth to water varies con- 
siderably throughout the district and the oxides persist below the water level, 
in some places as much as several hundred feet. In the arid regions, however, 
where explorations have not reached permanent water levels and manganese 
oxides persist to the greatest depth of workings, criteria other than relation 
to existing water levels must be used. 

In the broad belt in the southeastern states that extends from Pennsylvania 
through Maryland and Virginia to Georgia, Alabama, and Arkansas, many 
deposits of manganese oxides have been explored in the residual clays that 
overlie Paleozoic sedimentary rocks and in the nearby fractures and decom- 
posed parts of these rocks. In this belt, the permanent water level generally 
is found 50 to 100 feet below the surface but in mining operations the man- 
ganese oxides are found as much as 300 feet below the surface, or 100 to 200 
feet below the local water level. Until recently, there was little dependable 
evidence of the sources of the manganese in this belt. Now, through drilling 
in several districts, it is known that the unweathered sedimentary rocks of 
several ages, generally carbonates, contain zones from 10 to 100 feet thick 
in which the manganese content ranges as high as several percent, much 
higher than the normal content of such rocks. In this belt it may be safely 
inferred that most or all of the manganese oxides are supergene. Problems in 
interpretation of the origin of some oxide assemblages arise, however, if an 
oxide such as hausmannite, which is generally hypogene, is present with an 
oxide such as psilomelane, which in this belt is probably supergene ( Bates- 
ville, Arkansas; Bradley and Munroe Counties, Tennessee ). 
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2. The mineral assemblages, both metallic and nonmetallic, and their para- 
genetic relations have bearing on their mode of origin. The manganese oxide 
minerals that are most abundant in the residual deposits in Paleozoic sedi- 
mentary rocks of the southeastern states, largely cryptomelane, psilomelane, 
hollandite, and pyrolusite, are also those that are most abundant in the zones 
of oxidation of the metalliferous districts in the Rocky Mountains and Great 
Basin, as well as in veins in Tertiary volcanic rocks in the southwest. The 
relative amounts of the several oxide minerals seem to differ in these three 
provinces ; also, the accessory nonmetallic minerals differ greatly from place 
to place. ‘ 

In the southeastern states, the most common accessory nonmetallic min- 
erals, in addition to the clays, are several forms of silica, mostly chert and 
quartz, with small amounts of several phosphates, commonly wavellite in 
some horizons. In the oxidized zones of the metalliferous districts of the 
west, chert, quartz, and calcite are most common. In the veins of manganese 
oxides in Tertiary volcanic rocks in the southwest, however, the common non- 
metallic minerals include opal, chalcedony and quartz, black (manganiferous ) 
calcite, barite, fluorite, zeolites, and calcite. As a part of the present inquiry, 
the nonmetallic minerals in the veins of the Socorro district and Little Florida 
district, New Mexico, and the Aguila district, Mohave County, Arizona and 
several other districts, have been closely studied. There is need for much 
more work of this kind in many other districts. In these districts the earliest 
mineral is commonly one or more of the manganese oxides, psilomelane, hol- 
landite, cryptomelane, and these are followed by one or more of the following 
minerals: black calcite, zeolites, opal, fluorite, barite, calcite, quartz. Only 
rarely are more than three of these minerals present in a single vein. Opal, 
zeolites, fluorite, and barite, are widely considered to be hydrothermal and 
hypogene. 

3. The amounts of the minor accessory metals present in minerals shown 
from other evidence to be supergene as contrasted to the hypogene oxides in 
the two provinces seem to be significant. The elements include tungsten, 
strontium, lead, copper, zinc, arsenic, vanadium, cobalt, and nickel. 

4. A zonal distribution of the manganese minerals in metal mining districts 
seems to indicate something about their genetic relations. It is well known 
that in some base-metal mining districts rhodochrosite, rhodonite, and ala- 
bandite tend to be concentrated in a zone surrounding a central core that 
contains other metals, generally copper. Well-known examples are the Butte 
district, Montana, Ely district, Nevada, Bisbee and Tombstone districts, Ari- 
zona. Veins of oxide in Tertiary volcanic rocks in numerous districts in 
the southwest are disposed in arcs or belts that surround or border local areas 
containing zinc or lead. The veins explored for manganese oxides in the Luis 
Lopez district, Socorro County, New Mexico, form a broad arc that lies 
southeast of the Magdalena zinc district. Also, in the Little Florida Moun- 
tains, Luna County, New Mexico, three mineral belts may be discerned; at 
the south are lead deposits ; a middle belt contains veins of manganese oxide ; 
this belt is bordered on the northeast by another with veins containing much 
fluorite with minor barite. 
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5. The nature and age of the host rocks that contain deposits of manganese 
oxides as well as the kind and extent of the alteration of the nearby rocks 
may have bearing upon the interpretation of the supergene or hypogene origin 
of the oxides. In the belt of Paleozoic sedimentary rocks in the southeastern 
states, the manganese oxides are found in a thick mantle of residual clays 
derived from the decomposition of enormous volumes of these rocks, the 
manganese content of which only rarely exceeds one percent. During recent 
years, evidence is increasing that the clays are related to erosion surfaces that 
are as old as middle and early Tertiary and in some cases, even Late 
Cretaceous. 

In general, throughout the west and southwest, the deposits of manganese 
oxide are not found in large masses of residual clays even though great 
thicknesses of rock that once lay above the zones now exposed have been re- 
moved by erosion. In some metal-mining districts in the west bodies of 
manganese oxides are explored near the surface but exploration in depth 
shows that they are derived from local concentrated masses of such other 
manganese minerals as rhodochrosite, rhodonite, and alabandite; the bodies 
of oxides that occur near the surface are obviously derived from these minerals. 

On the other hand, the host rocks in which veins of manganese oxides are 
found in many areas in the southwest are volcanic flows, agglomerates, breccias, 
and tuffs of Tertiary age which contain little manganese and commonly show 
little or no decomposition by weathering. In these areas thus far, explora- 
tion in depth, to as much as 500 feet at the Luna mine in the Little Florida 
Mountains, New Mexico, and 50 feet below water-level, has not yet en- 
countered manganese minerals that could be the source of the oxides if they 
are supergene. 


THE MANGANESE OXIDE MINERALS 


A recent review by Fleischer indicates that 34 species of manganese oxides 
have been sufficiently studied to warrant recognition as having been estab- 
lished. Numerous other names have been given from time to time to material 
that seems to have definite identity at one or a few localities. Generally, 
partial chemical analyses have been made but in the absence of distinctive 
physical properties and X-ray analyses, it does not seem appropriate at this 
time to include them in the list of oxides. Table 1 summarizes the supergene 
or hypogene character of the 250 samples collected by geologists of the U. S. 
Geological Survey as interpreted by Hewett, using the criteria summarized 
above. The table also includes 31 samples of minerals determined by others. 

Without doubt, some geologists will differ with some of the interpretations 
in the table. Doubtless errors have been made, but the attempt to make 
such interpretations should direct new attention to the problem. 


Manganese Alone 


Manganosite—(MnO). Thus far, this oxide has been found at only 
one locality in the United States, Franklin Furnace, New Jersey. At this 
locality, it is considered to be hypogene. 
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Hausmannite—(MnMn,O,). Until about 1915, this oxide had not been 
recognized in the United States; it is now known in many localities and in 
some it is the principal mineral in shipments that amount to thousands of 
tons—Crescent mine, Washington; Buckeye mine, California; Club House 
mine, Arkansas. During this investigation, it was identified in specimens 
from the Bengal and Judson mines, Iron River district, Michigan, where it is 
interpreted by H. L. James as supergene. Thus far, at the other localities 
where it is recorded, the mineral appears to have a hypogene origin. 

Pyrolusite—(MnO,). This oxide has been recognized in many specimens 
from numerous states, east and west. In most localities, east and west, it 
seems quite clear that it was formed by supergene processes; in one locality, 
Rockhouse mine, Socorro County, New Mexico, the mineral may have a 
hypogene origin. If the conclusions expressed in this paper are correct, it 
may be hypogene at many places in the southwest. 

Ramsdellite—(MnQO,). This oxide is the principal mineral in several 
mines in Lake County, New Mexico (7), and in the Butte district, Montana 
(1), where it is clearly supergene; it is commonly associated with pyrolusite. 
According to Allsman, ramsdellite is probably the most abundant oxide in 
the surface zone of the veins at Butte, Montana which contain much rhodo- 
chrosite and some rhodonite in depth. The oxide was found interlayered 
with pyrolusite and psilomelane in a mine near Blythe, California; in the 
Rhinehart mine, Socorro County, New Mexico, it was found interlayered 
with cryptomelane and psilomelane; at these localities it is interpreted as 
hypogene. The mineral has not been identified in any specimens from the 
southeastern states where pyrolusite is common. Like pyrolusite, it appears 
to be supergene in most places but at some other localities, it may be hypogene. 

Pyrochroite—(Mn(OH),). During the early laboratory work on the 
oxide minerals using existing criteria for determining pyrochroite, the mineral 
was identified at the Copper Flat and Contact mines, Grant County, in the 
Lake Valley mines, Sierra County, New Mexico and from near Newport, 
Virginia. Recent work has shown that each of these six specimens is chal- 
cophanite rather than pyrochroite. At present, therefore, the mineral is 
known at only two localities in the United States, Franklin Furnace (Sterling 
Hill) New Jersey and Alum Rock, Santa Clara County, California. In 
both of these localities, those who described the mineral interpreted it as 
late hydrothermal (hypogene ). 

Manganite —(Mn,O,°H,O). This oxide has been reported from many 
localities, east and west, but during this recent investigation, it was recog- 
nized at only a few localities; compared with the other common oxides, pyro- 
lusite, cryptomelane, psilomelane, this oxide seems to be very rare. At a 
deposit in Emery County, Utah and the Batesville area, Arkansas, it is 
assuredly supergene. In a recent study of the manganese deposits near 
Bromide, Oklahoma, Ham and Oakes (21) concluded that manganite is 
one of the earliest minerals in a sequence that includes also hausmannite, 
neotocite, barite and several manganese-bearing carbonates and that it is 
hypogene. At the Lucy mine, Marquette district, Michigan, and Franklin 
Furnace, New Jersey (55), it may be hypogene in origin. 
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Groutite.—(Mn,O,-H,O). Recently Gruner (20) has recognized and 
described this oxide at three mines in the Cuyuna Range, Minnesota; in these 
localities it is probably supergene in origin. 

Hydrohausmannite.—(Mn"Mn'"'(O,OH),). This oxide has been con- 
firmed recently as a definite species by Frondel (17) in material from Frank- 
lin Furnace, New Jersey, where it appears to be supergene; it was not en- 
countered in this investigation. 

Wad.—The name is widely applied to a dark-brown earthy oxide of man- 
ganese probably in several states of oxidation and combined with diverse 
amounts of water. It does not possess either definite atomic structure or 
constant composition. Wad is probably the first compound formed (1) by 
the oxidation of manganous minerals and (2) by the precipitation of man- 
ganese oxide from surface waters. In the process of precipitation, it com- 
monly adsorbs appreciable amounts of such metals as cobalt, copper, iron, 
and lead, and definite names have been given to some of the compounds. 

Probably it may be found in most deposits of manganese oxides, but its 
presence is rarely recorded unless it is abundant. The mode of formation 
and its relations will not be discussed further here. 


Manganese with Alkalies and Alkaline Earths 


Cryptomelane.—(KR,O,,,R-Mn™Mn!¥). This name was given by Rich- 
mond and Fleischer (64) to the potassium-bearing mineral of “psilomelane” 
type. From this review, it appears to be the most common oxide in the 
southeastern states where it is supergene. It is common in the oxidized zones 
of several metal-mining districts in the west where it has resulted from the 
weathering of manganese carbonate and silicate. Also, the oxide is rather 
widespread in the southwest where, as shown later, its associations indicate 
a hypogene origin. Cryptomelane is the principal mineral in the tufa apron 
of a hot spring in Saline Valley, California; it is also present with hollandite 
in the layered oxides at the Three Kids mine, Clark County, Nevada. 

Lithiophorite During this inves- 
tigation, this oxide was recognized at 10 localities within an area about 100 
miles in diameter that includes northeastern Alabama, northwest Georgia and 
southeastern Tennessee (59). In this area, it is undoubtedly a supergene 
mineral and the ages of the host rocks, all sedimentary, range from Cambrian 
to Mississippian. It was also found at two localities in southwestern Vir- 
ginia and one in northern Virginia, where it is undoubtedly supergene. 

Rancieite.—( (Ca,Mn") Mn,'¥O,-3H,O). At Dunseith, North Dakota 
(23), this oxide is being deposited with travertine near an active cold spring. 
During this investigation it was found also in the Kingston district, New 
Mexico, and in the Batesville district, Arkansas; in these areas, it is a super- 
gene mineral. It is probably widespread as a supergene mineral in areas 
largely underlain by carbonate rocks. 

Birnessite—((Na,Ca)Mn,O,,-2.8H,O). This mineral was identified re- 
cently in a deposit of Recent gravel in Scotland (32) ; it has not been recog- 
nized in the United States. It is regarded as supergene in origin. 
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Todorokite-—((Mn",Ca)Mn'¥O,-2H,O). Thus far the only known oc- 
currence of this mineral is a mine in Japan (83) where it is recorded as a 
product of weathering of inesite and rhodochrosite in a gold-bearing quartz 
vein. It is not known in the United States. 

Psilomelane.—( BaR,O,,-2H,O,R = Mn™Mn!*). The presence of this 
mineral has been recorded at many localities throughout the United States but 
this investigation indicates that in many places the name has been applied to 
several other distinct oxide minerals. This investigation indicates that even 
though it is widely present in the southeastern states, it is probably much less 
common than cryptomelane ; on the other hand, psilomelane is the most com- 
mon oxide in a group of veins in volcanic rocks of Tertiary age in Texas, 
New Mexico, Arizona, southeastern California, and Nevada, where it is 
probably hypogene. This oxide is present but not as abundant as cryptome- 
lane, in the oxidized zones of metal districts in the western states where both 
oxides are supergene, as they are in the southeastern states. 

Hollandite.—( BaR,O,,,R = Mn'‘,Fe™'). This oxide is much more 
widespread in both the east and west than the published record indicates. 
Hollandite and lithiophorite are the most widespread supergene oxides in the 
deposits of northeastern Alabama, northwestern Georgia, and southeastern 
Tennessee, where cobalt oxide is commonly present in amounts that generally 
range from 0.30 to 4.80 percent (59). In the western states, hollandite, like 
psilomelane, is sporadically present in the oxidized zones of some metal- 
mining districts but it is also common in the veins in Tertiary volcanic rocks 
in southern Arizona and New Mexico, where like the associated psilomelane 
and cryptomelane, it is considered to be hypogene; with cryptomelane, it is 
present in the layered oxides at the Three Kids mine, Clark County, Nevada. 


Manganese with Iron 


Bixbyite—(Mn"! .O,. This mineral was first recognized in mate- 
rial from the Thomas Range, Juab County, Utah, and recent work indicates 
that it is widespread in the Black Range, Catron County, New Mexico (16). 
The host rock and associated minerals are similar in both areas and it is con- 
sidered to be hypogene. The name “sitaparite” has been applied to the same 
mineral in India and this name is widely used in Europe, Africa, and India, 
but the name “bixbyite” has priority. 

Braunite —3( Mn" ,Fe™) .O,-Mn™SiO,). Braunite seems to be much 
more widespread in the western states than the printed record indicates; it 
has not been identified in the supergene oxides of the southeastern states. 
Braunite is probably the most abundant manganese mineral in the altered sedi- 
mentary rocks of northern Maine. In Arizona, braunite is abundant in the 
supergene oxides at Bisbee, and is present in similar oxides at Globe and 
Patagonia. On the other hand, it is a hypogene hydrothermal mineral in 
veins in Mason County, Texas (28); Iron County, Missouri (19); and 
Pitkin County, Colorado (67). At several places in California (Fort Seward, 
Humboldt County ; Braito mine, Plumas County), braunite seems to have been 
formed by the action of hot water on stratified manganese carbonate; at three 
mines in Lander and Pershing Counties, Nevada, a similar origin is indicated. 


' 
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Galaxite —(Mn",Fe") (Al,Fe™),0,. Thus far, this oxide is known only 
from its original source at Bald Knob, Alleghany County, North Carolina 
(68), where it is associated with several silicates of manganese of hydrother- 
mal origin. 

Jacobsite —((Mn",Fe™) In the United States, this 
oxide has been recognized only at one deposit, the Apex, on the east slope of 
the Olympic Mountains, Washington, where its associations indicate that it 
is a hypogene mineral (57). 

Franklinite —( (Zn,Fe"™,Mn") (Fe™,Mn!).0,). This oxide has been 
recognized only at the original locality, Franklin Furnace, New Jersey. The 
genesis of the mineral at this locality is complex; for present purposes, it is 
considered to be hypogene. 


Manganese with Lead 


Coronadite.—(PbR,O,,*-R = Mn'¥,Mn"). At the original locality near 
Morenci, Arizona (42), this oxide occurs in the oxidized zone of a lead- 
bearing hydrothermal vein. It has been identified in a similar environment 
at the Magma mine, Arizona, and at the Defense mine, Inyo County, California. 
In several manganese oxide veins in Tertiary voleanic rocks near Socorro, 
New Mexico, and the Talamantes district, Chihuahua, Mexico, however, an 
oxide has been identified that contains 23.2 percent and 19.30 percent lead 
oxide, respectively, and the X-ray analysis indicates that the mineral is coro- 
nadite ; both are considered here to be hypogene. The presence of coronadite 
has been recorded in the layered manganese oxides at the Three Kids mine, 
Nevada (34), where the ore, as mined in large quantities, contains about 
2 percent lead. 

Cesarolite—(PbMn,O,). <A specimen of lead-bearing manganese oxide 
from Bisbee, Arizona, submitted as “coronadite” proved to be cesarolite when 
subjected to X-ray analysis. This is the only record of the occurrence of 
the mineral in the United States; it is probably supergene. 

Magnetoplumbite.—( (Pb,Mn") (Fe™, Mn") ,.0.,). This mineral was 
first recognized in the Langban district, Sweden; it is not known in the United 
States. 

Quenselite.—(Pb,Mn,O,-H,O). Like magnetoplumbite, this mineral 
was first recognized in the Langban district, Sweden; it is not known in the 
United States. 


Manganese with Zine 


Hetaerolite—(ZnMn,O,). This zinc-bearing manganese oxide was first 
recognized at Sterling Hill, New Jersey, and Palache considered it to be a 
hydrothermal mineral (56). It is abundant at the Contact mine, Grant 
County, New Mexico, and at Leadville, Colorado. It is reported from the 
Lucky Cuss mine, Tombstone, Arizona (62). At each of these localities it 
appears to be a supergene mineral. Probably it is widely present in the 
oxidized zone of many zinc-bearing districts in the western states. 
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H ydrohetaerolite —(2ZnO-2Mn,0,-H,O). This oxide was first found 
at Franklin Furnace, New Jersey (54). During this investigation, a sample 
from the Leadville district, Colorado, submitted as “hetaerolite,” proved by 
X-ray analysis to be hydrohetaerolite. It is considered to be a spergene 
mineral. 

This oxide was first 
found at the Passaic mine, New Jersey (56), and was considered by Palache 
to be both a late hydrothermal vein mineral and a supergene mineral (55). 
During this investigation, the mineral was recognized in five specimens from 
the Contact mine, one specimen from the Copper Flat mine, Grant County and 
in one specimen from the Lake Valley district, Sierra County, New Mexico. 
It was identified in one specimen from near Newport, Giles County, Virginia. 
It appears probable that chaleophanite and hetaerolite are widely present as 
supergene oxides in western metal districts that contain zine sulfide and 
manganese carbonate and silicate below the limits of surface weathering. 

W oodruffite —((Zn,Mn™) Mn,'%O,,-4H,O). This mineral has been 
recognized recently as a distinct species at Franklin Furnace, New Jersey 
(17); it has not been recognized elsewhere. It is probably supergene. 


Manganese with Copper 


Crednerite.—(CuMn,O,). This oxide has been found at only two local- 
ities in the United States, near Calistoga, Napa County, California (51), 
and in the Quitman Mountains, El Paso County, Texas (72). At the original 
locality in Europe it was regarded as a supergene mineral. 


Manganese with Titanium 


Pyrophanite—(Mn"TiO,). This titanate of manganese has not yet 
been recorded in the United States. From its associations in Sweden and 
Japan (41), it appears to be a hypogene mineral 

Senaite.—(( Mn" Fe,Pb)TiO,). Senaite is known only at one locality, 
in stream gravels in the State of Minas Geraes, Brazil; its associations with 
the original host rocks is not known. 

IImenite.—((Fe.Mg,Mn"™)TiO,). Much ilmenite contains from one to 
three percent manganese; in a few places, it contains as much as 8 percent 
It is a hypogene mineral 
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Southeastern States.—The accompanying Table 2 shows the minerals that 
have been determined in numerous deposits in the broad belt that extends 
from Pennsylvania through Virginia, Tennessee, Georgia, and Alabama to 
Arkansas, Oklahoma, and Missouri, the geologic formation in which the 
deposits lie and partial chemical analyses of some of the samples. Table 4 
presents complete chemical analyses of some samples of the minerals. 

In the Piedmont region of central Virginia where the bodies of oxide- 
bearing clays closely coincide with outcrops of a bed of limestone in the 
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SUPERGENE OXIDES—-SOUTHEASTERN STATES, AND ANALYSES 


County —-mine 


Virginia 
Campbell Co. 
Bell 


Piedmont 
Piedmont 
Pribble 


Mortimer 


Appomattox Co. 


Stonewall 
Stonewall 


Hancock Ferguson 


Augusta Co. 
Kennedy 
Mine Bank 
Crimora 
Mt. Torrey 
Mt. Torrey 
Lyndhurst 
Robinson Hole 
Vesuvius 


Page Co. 
Compton 
Stanley 
Stanley 


Rockbridge Co. 
Hogpen Hollow 
Midvale mine 


Rockingham Co. 
Church Mtn. 


W ythe Co 
Lick Mtn. 


Smythe Co. 
Glade Mtn. 
Glade Mtn. 
Glade Mtn. 
Glade Mtn 


Glade Mtn 
Umbarger 

Hop Winn 
Atkins 

Deane 

Hutton 

Currin Val. 14 
White Rock 15 


Mineral 
cryptomelane 
cryptomelane 
pyrolusite 
psilomelane 


cryptomelane 


psilomelane 
pyrolusite 


psilomelane 


psilomelane 
cryptomelane 
pyrolusite 
pyrolusite 
psilomelane 
cryptomelane 
cryptomelane 
pyrolusite 


psilomelane 
psilomelane 
cryptomelane 


psilomelane 


psilomelane 


psilomelane 
pyrolusite 
cryptomelane 
pyrolusite 


TABLE 2 


cryptomelane 


pyrolusite 

cryptomelane 
cryptomelane 
cryptomelane 
cryptomelane 
cryptomelane 
cryptomelane 
cryptomelane 


Geologic horizon 


Mount Athos Forma- 
tion (Paleozoic ?) 
Mount Athos Forma- 
tion (Paleozoic 
Mount Athos Forma- 
tion (Paleozoic ?) 
Mount Athos Forma- 
tion (Paleozoic ?) 
Mount Athos Forma- 
tion (Paleozoic ?) 


Mount Athos Forma- 
tion (Paleozoic ?) 
Mount Athos Forma- 
tion (Paleozoic ?) 
Mount Athos Forma- 
tion (Paleozoic 


dolomite 
dolomite 
dolomite 
dolomite 
dolomite 
dolomite 
dolomite 
dolomite 


Shady 
Shady 
Shady 
Shady 
Shady 
Shady 
Shady 
Shady 


Shady dolomite 
Shady dolomite 
Shady dolomite 


Shady dolomite 
Watauga shale of 
former usage 


Shady dolomite 


Shady dolomite 


dolomite 
dolomite 
dolomite 
dolomite 


Shady 
Shady 
Shady 
Shady 


dolomite 
dolomite 
dolomite 
dolomite 
dolomite 
dolomite 
dolomite 
dolomite 


Shady 
Shady 
Shady 
Shady 
Shady 
Shady 
Shady 
Shady 


| BaO WO: Co 


14 
| | | 
| | | 
| 
| | | 
| 
49.1 |14.03/ 0 | 0 
| 
| 
| 
(54.66) 0 0 | 95 
| 53 
50.54 12.8 28 
($199 23 36 
44.19 3 - 86 
= 
| 241, 0 | 
| 
79 
| | 
| | 
1 | 63 
2 
3 
4 | 
a | - 
| 
| 
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County mine 


Tennessee 
Johnson Co 
Neely 


Dudley-Grindstaff 


Hogback 
Hogback 
Wilson 

Belle Hawkins 
Wills prospect 
Wills prospect 
Sebert pros 
East Tank 


Carter Co 
Blue Spg 
Unicoi Co 
W. Ore Bank 
Sam Brummet 
Unaka Spg 
Susan Brummet 


Johnson 
Shouns prospect 
Profitt 

(seorgia 

Barstow Co 
CGemes 
Gemes 
Ward 
Aubrey 
Will Lee 
Will Lee 
Boneyard 
Big Spring 

Alabama 

Cherokee Co 
Stockdale 
W. C. Pope 


Daughdrill 


Clay Co 
Dulin 


rABLE 


cryptomelane 
pyrolusite 
cryptomelane 
cryptomelane 
hollandite 
pyrolusite 
psilomelane ? 
cryptomelane 
cryptomelane, 


cryptomelane, 


hollandite 


cryptomelane 
cryptomelane 
pyrolusite 
pyrolusite 
psilomelane 


hollandite 
psilomelane 


psilomelane 


lithiophorite 
hollandite 
hollandite 
lithiophorite 
hollandite 
lithiophorite 
pyrolusite 


pyrolusite 
pyrolusite 
pyrolusite 


cryptomelane 


lithiophorite 
hollandite 

lithiophorite 

hollandite 


ithiophorite 


mMophorite 
hollandite 


TH! 
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Geologic horiz 


Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 


Shady dolomite 


Shady dolomite 
Shady dolomite 
Shady dolomite 
Shady dolomite 


Watauga shale of 
former usage 
Erwin quartzite 


Shady and Rome 
formations 
Shady and Rome 
formations 
Shady and Rome 
formations 
Shady and Rome 
formations 
Shady and Rome 
formations 
Shady and Rome 
formations 
Shady and Rome 
formations 
Shady and Rome 
formations 


Weisner quartzite 


Weisner quartzite 
Weisner quartzite 


phyllite 


15 
Mineral Mn | BaO |Wo, Co 
53.56 77| 0 73 
2 
042 
| 
1.01 
77 
1.59 
484 
196 
‘Il 97 
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County—mine 


Virginia 
Frederick Co 
Mineral Ridge 
Mineral Ridge 


Bland Co 
E. Suiter 
Arms 
Arms 


TABLE 


Mineral 


pyrolusite 
psilomelane 


psilomelane 
pyrolusite 
pyrolusite 
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2—Continued 


Geologic horizon | Mn BaO WO:| Co 


| 


Oriskany sandstone 


Oriskany sandstone 


Tonoloway limestone 
Becraft sandstone 
Becraft sandstone 


Giles Co 
Newport Tonoloway 


limestone (7) 


Chalcophanite 


Georgia 
Polk Co 
McCollum hollandite 


lithiophorite 


Knox dolomite 


Alabama 
Cherokee Co 
Hughes pros 


hollandite Knox dolomite 


Calhoun Co 
Burke Est lithiophorite 

Etowah Co 
Greasy Cove Ft. Payne chert 


Tennessee 
Bradley Co 
White Oak Mtn lithiophorite Ft. Payne chert 
Hickman Co | 
Coble | lithiophorite Ft. Payne chert 


Missouri 
Reynolds Co 
Ellington hollandite Eminence dolomite 51.71 

Arkansas 

Polk Co 
Sugar stick 


cryptomelane Novaculite 


Oklahoma 
Johnson Co 
Viola | manganite 
Bromide | manganite 


Viola limestone 
Viola limestone 


Mount Athos formation (13), Paleozoic(?) in age, psilomelane and crypto- 
melane are the most common oxides. Analyses of the core of a drill hole at 
the Piedmont mine, Campbell County, show that almost half of the thickness 
of the limestone, about 100 feet, contains from 0.50 to 0.75 percent manganese 
and this is considered to be the source of the manganese in the body of oxides 
that was mined. 


Many deposits of manganese oxides have been explored along the outcrop 
of the Shady and Tomstown dolomites and the underlying Erwin and Weiss- 
ner quartzites from eastern Pennsylvania through Virginia and Tennessee to 
Georgia and Alabama. Only a few mines were active from 1940 to 1945 


16 
| | 
| 15.0 O | 2.86 
166 
96 
2.28 
64 
9 40 | 2.07 
| 
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but many thousands of tons were shipped between 1880 and 1920. From the 
specimens collected recently, it appears that the principal oxide in the de- 
posits is cryptomelane ; pyrolusite is common but psilomelane is very uncom 
mon. The work of R. L. Miller in Smythe County, Virginia (49), shows 
that beds of glauconite persist in the lower part of the Shady dolomite ; these 
beds of glauconite may be the source of the potassium necessary to form 
cryptomelane. 

Analyses of samples of the Shady dolomite in Shady Valley, Johnson 
County, Tennessee, collected by P. B. King (36) and from a drill core in 
Bumpass Cove, Unicoi and Washington Counties, Tennessee, collected by 
J. Rodgers (66), indicate that parts of the Shady dolomite contain note 
worthy amounts of manganese. In Shady Valley, four samples collected from 
the lower 150 feet of the dolomite contain from 0.39 to 1.24 percent mangan- 
ese, and in Bumpass Cove the manganese content in 46 samples selected from 
226 feet of core ranged from 0.13 to 0.83 percent; in 18 of the samples, the 
manganese content ranged from 0.41 to 0.83 percent. 

In an area about 100 miles in diameter that covers southeast Tennessee, 
northeast Alabama, and northwest Georgia, deposits of manganese oxides are 
found in the products of decomposition of sedimentary rocks that range from 
the Weissner quartzite (Cambrian) to the Fort Payne chert (Mississippian ). 
From the mineral determinations available from the deposits in this area (59), 
it appears that lithiophorite and hollandite are the most widespread and 
abundant ; other oxides are present, cryptomelane, psilomelane, and pyrolusite, 
and in several districts, such as Cartersville, Bartow County, Georgia, they 
probably exceed lithiophorite and hollandite. The sources of the manganese in 
the residual clays from formations above the Shady dolomite are obscure. 

The literature contains many references to manganite in ores from the 
southeastern states but in this investigation the mineral was recognized in 
only three specimens from this region. In the Bromide district, Coal County, 
Oklahoma, it is the earliest mineral in a sequence that includes hausmannite 
and manganese carbonate ; at Batesville, Arkansas, it is a supergene mineral 
Apparently manganite is a very uncommon oxide in the southeastern states. 
Braunite is not recorded east of southeastern Missouri where its relations 
indicate a hypogene origin. 

Among the minor metals—copper, lead, zinc, cobalt, nickel—only cobalt 
seems to be present in noteworthy quantities in the oxides from the south- 
eastern states (Table 4). The highest percentage, 4.84, was found in a speci 
men of lithiophorite from a prospect in the Weissner quartzite in Cherokee 
County, Alabama (59). The cobalt content of numerous samples of the 
oxides—lithiophorite, hollandite, psilomelane, and cryptomelane—that were 
analyzed, ranges commonly from 0.40 to 1.25 percent (Table 2). In these 
samples, the nickel content is generally low, but one specimen of lithiophorite 
from Bradley County, Tennessee contained 1.52 percent. The source of 
the cobalt and nickel is not known. Only a few analyses for copper, lead, 
and zinc have been made; except for two specimens, one from the Ellington 
mine, Reynolds County, Missouri, where the copper content was 0.34 per 
cent, and another from White Oak Mountain, Bradley County, Tennessee, 
which contained 0.39 percent, the contents of copper, lead, and zinc are less 
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TABLE 3 


SUPERGENE OXIDE MINERALS AND ANALYSES, WESTERN STATES 


County —mine Source Mineral Mn BaO | WO, VO: 


Arizona | 
Cochise County | 
Bisbee District 


Higgins mine USGS braunite 
Tombstone District 
Oregon— Prompter USGS cryptomelane 
Oregon USBM pyrolusite 
Oregon USBM psilomelane 
Coconino County | 
Pine Valley USBM | 404 2.35 
Long Valley USBM %9 | 224! 
Peach Spg USGS 53.33 5.50 0 
(nla County 
Globe G& USGS i) 0 0 
Globe G11 USGS 0 0 0 
Globe G12 USGS 0 0 0 
Globe G14 USGS o |0 0 
| 3 +) 0 | 0 
Apache group {USGS .§ 
{USGS 3.4) 0 } tr 
Graham County | | | 
Davis claim USBM | pyrolusite ? 92 82 a 
Greenlee County | 
Coronado mine USGS | coronadite 
Pinal County 
Magma mine USGS | cryptomelane 
Santa Crus County | 
Bender mine USGS o 10 
| 
Colorado 
Saquache County 
Kerber Ck USGS ? 10.72) 2.19 
Montana | | 
Granite County | 
Gird Ck USGS pyrolusite 21.6 15| 0 | .07 
Philipsburg quartz 
Philipsburg USGS pyrolusite 
P Madison County 
Cherry Ck USGS | hollandite 49.9 90 0 | 
cryptomelane 
Meagher County 
Victory YM7 USGS cryptomelane 30.6 314 0 60 
hollandite | | 
Victory YM6 USGS cryptomelane-gr | - 
Alabama-Cleveland USGS pyrolusite ? | 10 
Silverbow County | | 
Butte CFP3 USGS psilomelane 487 12.40. 0 06 
Butte CFP2 USGS cryptomelane 53.2 0 0 0 
Butte CFP USGS | pyrolusite 
Nevada 
Esmeralda County 
Gailloc USGS pyrolusite 48.28 5.10. 0 
Humboldt County 
Major mine USGS supergene oxide 18.27 0 
Major mine USGS 17.09 tf) 
Major mine USGS 23.5 0 0 
Black Top USBM 14.6 29 
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TABLE 3—Continued 


County— mine Source Mineral Mn | VO, 
Humboldt County—cont. 
Black Hawk USGS supergene oxide 7.8 0 
Black Hawk USGS 24.2 0 0 | 
Lincoln County | 
Prince USBM weathered siderite 134 0 
Ely Valley USBM weathered siderite 17.2 0 
Zero Gap USBM weathered siderite 16.7 0 0 
Castletone USBM weathered siderite 5.7 0 0 
Golden Eagle USBM weathered siderite 5.7 0 0 
Wheeler USBM weathered siderite 15.4 0 0 
White Pine County | 
Caviglia-Vietti | USGS pyrolusite ? 39.54 0 0 
psilomelane 
Caviglia-Vietti USGS A 35.1 tr 0 
Caviglia-Vietti USGS B 274 tr 0 
Siegel mine | USGS carload sample) 37.95 0 
New Mexico | 
Grant County 
Fierro group USGS cryptomelane 468 10 00 | 06 
| asbestiform 
cryptomelane 
Contact group USGS cryptomelane - bs 


hetaerolite 
5 chalcophanite 
pyrolusite 


Copper Flat USGS | chalcophanite - 
pyrolusite 
Lone Mtn. group USGS cryptomelane 
Sandoval County | 
Crooks Cuba | USGS | pyrolusite | 46.8 594,00 | 10 
| hollandite | 
Sierra County | 
(Kingston) USGS | rancieite 
Iron King | cryptomelane 
Lake Valley 1 USGS ramsdellite 97.15 0 - 
| MnQ:) 
Lake Valley 2 USGS chalcophanite 
Lake Valley 3 USGS pyrolusite 
Lake Valley 4 USGS pyrolusite 
Lake Valley 5 USGS pyrolusite 
ramsdellite 
Lake Valley 6 USGS pyrolusite 
Dawson claims USGS psilomelane 
Socorro County 
Black Mask USGS cryptomelane 54.2 139100 | 06 
Utah 
Daggett County 
Manila USGS psilomelane 48.2 14.59 0 1.13 
Juab County 
Drum Mountains USGS cryptomelane 
Staatz mine hollandite 
Orme mine USGS psilomelane 
pyrolusite 
Black Boy mine USGS psilomelane 


pyrolusite 
Drum Mountains USGS pyrolusite 
Staatz mine 
N. workings 
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TABLE 3-—Continued 


County—mine | Source Mineral Mn BaO 
Salt Lake County 
Evans quarry USGS | pyrolusite 
Utah County 
Wild Cat mine USGS cryptomelane gr 
Oxen claim USGS | (MnQ+) 
Weber County | 
Payday mine USGS | pyrolusite 


Payday mine USGS psilomelane 
Wyoming | 
Albany County 
JBC USGS | pyrolusite 27.58 1.19 
pyrolusite 26.25 1.50 
pyrolusite 41.75 392 42 
pyrolusite 31.60 3.21 35 


than 0.10 percent. Eight specimens were analyzed for tungsten but none 
was present. 

Western States—In Table 3 there appear mineral identifications and 
partial analyses of specimens of supergene manganese oxides collected in 
numerous metal-mining districts in the western states. For most of these 
districts, it is known that the oxides of manganese occur in a surficial zone 
and that they have been derived from local bedies of such manganese minerals 
as alabandite (Bisbee, Tombstone, and Patagonia, Arizona), and rhodochro- 
site (Philipsburg and Butte, Montana; Drum Mountains, Utah; Globe dis- 
trict Arizona). In several of the districts where mines explore metal de- 
posits well below the zone of oxidation into the unaltered sulfides, the source 
of the manganese present as oxides near the surface is not known (Magma, 
Arizona; Lake Valley, New Mexico). From the mineral determinations 
available, it appears that the most abundant oxides are pyrolusite and crypto- 
melane and that psilomelane and hollandite are rather uncommon. Ramsdel- 
lite appears to be an abundant oxide in several districts in the arid southwest, 
especially Lake Valley, New Mexico, and at Butte, Montana. Braunite is 
probably the most abundant oxide in the Bisbee district, Arizona, where it 
appears to have been derived largely from alabandite. Braunite is also present 
in the Globe and Patagonia districts, Arizona, where it may have been derived 
from alabandite. Coronadite, hetaerolite and chalcophanite have been found 
sporadically and are probably much more common in metal districts in western 
arid and semiarid regions than the record indicates. In this inquiry, man 
ganite and lithiophorite were not recognized in the western metal districts. 

Except for iead, zinc, and cobalt, the minor metal content of the supergene 
manganese oxides conforms with the general trend in the southeastern states 
(Table 4). The lead and zine content of the supergene oxides in the western 
metal districts is generally higher than it is in the eastern supergene oxides ; 
the cobalt content, however, is generally lower, although one specimen from 
the Cherry Creek district, Montana, contained 2.29 percent. Of the 29 speci- 
mens analyzed for tungsten, nv tungsten was found in 28; a specimen sub- 
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mitted to the U. S. Geological Survey from the Bonanza district, Colorado, 
contained 2.19 percent tungstic oxide ; it was reported to be supergene. 

From this brief review, it appears that about the same assemblage of oxide 
minerals is found in the surface zone of numerous districts in both the south- 
eastern states and in the western states; cryptomelane and pyrolusite seem to 
be the most widespread and abundant oxides in both regions; psilomelane 
and hollandite are much less abundant. Manganite appears to be as un- 
common in the western states as in the southeastern. Lithiophorite which is 
common in southeast Tennessee, northeast Alabama, and northwest Georgia, 
but does not seem to favor any stratigraphic horizon, has not been recorded in 
the western states. Braunite appears to be a common supergene mineral in 
metal districts in the arid and semiarid parts of the West and especially in 
those in which the unweathered ore contains large amounts of alabandite 
(Bisbee, Tombstone, and Patagonia). 


HYPOGENE MANGANESE OXIDES 


Southeastern States——No review of the manganese oxide minerals could 
be complete without reference to those recognized in the Franklin Furnace 
district, New Jersey. These deposits have been studied by several geologists 
and interpretations concerning their genesis differ considerably. In his sum- 
mary of the origin of the minerals, about 130 in number, Palache (57) recog- 
nized three groups of minerals that may be called “hypogene” and one group 
that is “supergene.” Palache includes in the group of “hydrothermal vein 
minerals,” several manganese oxides which in many other districts in the 
United States are considered by the writers to be persistently “supergene,” 
hetaerolite, manganite, and chalecophanite. Several other manganese oxides, 
franklinite, manganosite, are unquestionably hypogene. 

The oxide galaxite, one of the spinel group, was first recognized in a vein 
at Bald Knob, North Carolina (68), and has not yet been found elsewhere. 
In view of the other manganese minerals associated with it, it is considered 
to be a hypogene mineral. 

Hausmannite is recorded in several districts in the southeastern states. 
It has been noted in the Hambright mine, Cleveland district (63), and in the 
Heiskell mine, Sweetwater district (63), Tennessee. In both of these dis- 
tricts, the mineral assemblages and relations of the bodies to the enclosing 
limestones resemble those in the Batesville district, Arkansas, and in the 
Bromide district, Oklahoma, where it is clear hausmannite is a hypogene min- 
eral. When hausmannite was first recognized in the Batesville district it 
was considered to be a supergene mineral, but in recent years it has been 
found widely in unweathered assemblages in the district that are clearly hypo- 
gene (50). Hausmannite was the most abundant mineral in a vein near 
Viola, (24), Oklahoma, and recently has been identified (D. F. Hewett) in 
ore from the Big Muddy mine, Iron County, Missouri; in both of these areas 
it appears to be a hypogene mineral. According to H. L. James, hausmannite 
has been recognized in the Bengal and Judson mines, Iron River district, 
Michigan, where its association indicate a supergene(?) origin. 

Western States—Studies of numerous western manganese deposits since 
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1918 have revealed several manganese oxide minerals, found under conditions 
that indicate a hypogene origin. Considered to be a rare mineral before 
1918, hausmannite has been found widely, even abundantly in numerous de- 
posits in sediments of the Franciscan formation (Jurassic and Cretaceous ) 
of the Coast Ranges of California (76), where it seems to represent the 
alteration of beds of manganese carbonate by hydrothermal solutions. Haus- 
mannite was noted widely in the deposits of the Olympic Mountains (57), 
Washington, and it was the principal mineral in shipments of about 45,000 
tons from the Crescent mine. In Colorado, E. L. Jones recognized hausman- 
nite in the ore from the Miller mine, Saguache County, Colorado. 
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Fic. 1. Map showing distribution of known active hot springs containing man- 
ganese and deposits of manganese oxides near inactive springs; manganese oxide- 
carbonate veins and stratified manganese oxide deposits. 


It may be premature to assert that hausmannite is a hypogene mineral 
in every locality where it is known in the United States, but to the writers, 
the available evidence indicates this. 

Explorations in New Mexico, Arizona, and southern California during 
1917-18 revealed many deposits that contain an assemblage of manganese 
oxides and nonmetallic minerals not recorded theretofore in the United States. 
Further exploration especially from 1940 to 1945 and in recent years, has re- 
vealed more fully the mineral content, form, and relations of the deposits. As 
one result of this review, it appears to the writers that in about 40 deposits 
explored for manganese in New Mexico, 25 in Arizona, 20 in southern Cal- 
ifornia, and 8 in Nevada, most uf the oxide minerals recovered are hypogene 
(Fig. 1). The deposits lie in a broad are that extends from central New 
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Mexico southwest into southern Arizona and southern California, and north 
into central and western Nevada and Oregon. 

Most of the known deposits are simple veins or fracture zones; most 
have been explored to depths of 100 to 200 feet but one in Luna County, 
New Mexico (Luna mine) (39), attains a depth of 500 feet, 50 feet below the 
local water-level. At another nearby mine, Manganese Valley (West), oxides 
have been mined to about 350 feet below the outcrop without noticeable change 
in the mineralogy. In most of the districts the host rocks are flows of rhyo- 
lite, dacite, or andesite—in some places agglomerate, breccia, and tuffs of 
similar rocks, all of Tertiary age, probably mid-Tertiary. A few veins lie 
in Paleozoic and Tertiary sedimentary rocks; also, a few are in Precambrian 
metamorphic rocks 
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2. Diagrammatic sketch showing inferred relation of veins of manganese 
oxides, hot spring aprons, and stratified oxides. 


As explored before 1940, the surface zone of the veins showed the com- 
mon manganese oxides—psilomelane, hollandite, cryptomelane, and pyrolusite 

generally closely associated with “black calcite” or “manganiferous calcite.” 
The latter term is misleading as it is now known that the manganese is not 
a part of the calcite molecule but is present as arborescent growths of the 
oxide psilomelane, around which calcite (in some places aragonite) has grown. 
Prior to 1940 numerous observers, including the writer (D. F. Hewett), con- 
cluded that the manganese oxides of the deposits were formed by the super- 
ficial weathering and enrichment of the “black calcite.” Since 1940, several 
who have studied the deposits in local areas (Luis Lopez district, Socorro 
County, New Mexico), Miesch (48) and Jicha (30), have concluded that 
the oxides of manganese as well as the “black calcite” are hypogene; the 
present review by the writers confirms this conclusion. 

The forms of the explored deposits seem to depend upon the texture and 
coherence of the host rocks. In the flows and indurated agglomerates and 
breccias, the forms range from simple tabular bodies on cross-cutting frac- 
tures to complex tabular bodies on broad fracture zones (Fig. 2). In a few 
deposits (Tyrrell mine, Jackson County, Oregon), the manganese oxides are 
deposited in the voids of a bed of breccia between flows of basalt near cross- 
cutting basalt dikes and faults. Most of the veins and vein zones have been 
explored for several hundred feet in length but one fracture zone 30 to 60 


DEPOSITS 


rau) 


Ad 


‘OFA 


or 


til 


I 


TOM 


OL? 


911 


OF uoTIeULIO] JOW[AOX q 
Lt NSSELL] UOTPWULIOS 


quo wet] 


on tl quo wpurs 
ol< pue Areusajenf 
olK< quel L pue 
ol< yeseq 
is ul 6 tt 
tl Lut alsepue 
Is el to Lt 
> “pew dnoiz 
) 
Ord UW OH 


210 
sueqoy 
Sos.) 
Was 
Sos 
| 
sos.) 
SOs) 
Sts.) 
| Sos.) 
Sos.) 
ad Sos.) 
sos.l 


[Bot 


SUSATIVNY HLIM SHIVIS A SNIDA NI STIVSANIJY ANS 


At 


Aq) 


zy 


joyseu ted 
Apuno) porsad ua] 


epsey 
Ajuno ) pan { 


ouruyy 


[DMI 


yo 

) 
| 


Ajuno.) 
yse 
(juno) 


~ ~ | 

| | asf." | «a | | 


00 wl Cadydaod awpoAys “4% aovag 
00 zo os 
00 Lo tz 8 
00 60 89 tz 9 
00 oF oF 6 neFFoy 
= 00 Rt ost Ol 
ss 8 ol Z 
$$ to 8 07 ul Sule) t 
00 os L 
oo ts tit 
00 ramet os el | 
~ Ajuno.) 
= aupueyoy | 
~ oo oF St 7 ot Sos.) eoz 
> 80 00 ze ol oF 217 
Ajunmo_) 
~ or ox sl Aree] Sos 
= aurpu 
~ ot 00 sot Let Prey 
= 00 00 | fit UOIWPURS sos.) uooury 
oo oo west tor euowpues | uoouly 
~ 60 7 oF a) Sos 
Ajuno.) 
OOTXA Man 
Ajuno ) 


26 


MANGANESE OXIDES 


DEPOSITS 


oF 


x0 


to 


TOM 


ord 


0 oF 


UW 


agyoAys 
ayypoAys Arenue 


Aree] 
awpoAys Arena 
Aree] 


anypoAys 


APT] 


Os€d lH 
se 
4 
Aree] 


AIPI Le] 
Je 
ye 


panutjuo 


eu 


spurl 


AO 
Al) 
sd 


ou 

ouvjew 

our! mu 

O71 


1aVI 


Nn 


SOs. 


Sus. 


SOs 
SOs 
SOs 
SOs 


SOs. 


SOs 


Sos. 


SOs 


SOs. 


sos 


Sos. 


Ayumo) ger 


Own, 


~ 


WH Pew 


prey 


TIN 


i 
t 


0440906 


own 


asnoyyooy 


osn 


IIH yy 


au 


pu 


yur 


ui 


y puo 


| 


ey yedy 


) 


Ww 


MON 


) 


) 


27 
| 
| &§ & = 4235 
— = = = = S 
x | | 
| 
} 
| 
| > 
| 
I 


28 D. Fn. HEWETT AND MICHAEL FLEISCHER 


feet wide (the Tower mine, Socorro County, New Mexico) has been mined 
for nearly 2,000 feet along the strike. Only a few deposits have been ex- 
plored more than 200 feet below the outcrop but one (the Luna mine, Luna 
County, New Mexico) extends to 500 feet or about 50 feet below water-level. 
Thus far, in most places depths of mining seem to be determined by costs 
rather than decline in the amount of oxides in the vein. 

In the samples collected from these veins in the southwest during field 
work from 1940 to 1945 (Table 5) the most widespread and most abundant 
oxide is psilomelane, followed by cryptomelane and hollandite ; pyrolusite was 
determined in only one sample but it may be widespread as the latest mineral 
One specimen from a vein in Carretas Canyon, Socorro County, New Mexico, 
contained 23.2 percent lead oxide and was determined to be coronadite 
According to Jicha (30), shipments from several mines in one part of the 
Luis Lopez district contain from | to 4 percent lead. As one result of a re- 
cent examination, the writer (D. F. Hewett) identified the following non- 
metallic minerals in several veins exploited for manganese: zeolite, opal, 
black calcite, barite, fluorite, quartz, chaleedony, and calcite. Commonly, 
two or three of these minerals are present in a single specimen; as they are 
generally found in druses on the oxides, they are later than the oxides. At 
the Hatton mine, Aguila district, Maricopa County, Arizona, the vein, 4-6 
feet wide, is made up of alternating layers of barite and “black calcite,” each 
several inches wide. The oxides that were mined formed lenses in the vein. 

In most of the areas where veins have been explored, the adjacent or 
nearby host rocks, rhyolite and dacite flows, show little alteration or decompo- 
sition; in a few places (Tower mine, Luis Lopez district) the rhyolite wall 
rock is slightly silicified. If the manganese and barium that form the psilo- 
melane, which is persistently the most abundant vein mineral, are supergene, 
derived from nearby higher sources, these are not apparent in the areas. 
Also, if the oxides are supergene it is difficult to imagine a source of the high 
content of lead in the oxides of some veins 

Among the minor metals in the hypogene manganese oxide minerals 
(Tables 5, 6), the most persistent is tungsten. In the veins in several dis 
tricts in Dona Ana and Grant Counties, New Mexico, tungsten is absent from 
all except one. On the other hand, tungstic oxide is present in the oxides of 
most veins in Hidalgo and Sierra Counties; in Socorro County, samples from 
about half of the known veins contain more than 0.24 percent tungstic oxide 
The average tungstic oxide content of seven samples from Sierra County is 
0.84 percent and of five samples from Socorro County, 1.00 percent. In nine 
samples from Arizona, tungstic oxide is present, mostly in excess of 0.50 per- 
cent. The maximum content of tungstic oxide in vein oxides from New 
Mexico and Arizona is about 2.00 percent; a sample from the Hulse mine, 
Atlanta district, Lincoln County, Nevada, contains more than 3 percent. 

The veins of manganese oxides in the Talamantes district, near Parral, 
Chihuahua, Mexico (80), have many of the mineralogic, chemical, and host 
rock features of numerous veins in New Mexico and Arizona to which a 
hypogene origin is attributed. The most abundant oxide is psilomelane fol- 
lowed by cryptomelane, hollandite, and coronadite Accessory minerals in- 
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TABLE 6 


ANALYSES OF HYPOGENE OXIDES, WesTeRN STATES 
CRYPTOMELANE, PStLoMeLANE, HOLLANDITE 


lexa New Mexi New Mexico California 
jeff Da Luna Black Mexico Imperial 
Mine Mayt Hogsett Killiar Feather Hollandite "ay maste 
Mineral sil elane Crypt Crypt Crypto 

melane nelane melane melane 

Hollandite 

Number 1.1334 11846 1885 D-1283 
Analyst Pt ler leiseher Fleischer Fleischer Fleischer Fleischer Fleischer 
69 00 70.52 86 54 74.43 73.40 67.91 70.85 
Mato 699 610 392 5.61 609 7 62 6.87 
Mn 48.81 49 28 57.62 $1.37 51.57 48 50.01 
PbO 0.0 00 ol 02 
CuO 00 44 11 2 11 03 
NiO 00 02 tr 
CoO 21 31 07 03 
ZnO 00 00 19 76 14 07 
Bald 17.84 13.56 1.04 7.97 11.08 13.68 14.89 
SrO 119 21 
Cad 00 27 RS 40 07 00 
Me tr 22 0.0 Os O§5 11 22 
Naw) O5 29 47 16 49 0.0 13 
07 35 241 141 43 27 
AlWw) 43 27 oOo 46 48 29 
4 1.12 1 11 20 
45 40 O38 95 4 
Tio oo 00 
Pa) Os 19 00 02 0.0 
Hw) 07 $03 21 22 24 90 47 
Hw 446 1.62 4.3 354 5.00 42 
WO, 63 1.32 292 56 
Va oo 
Total 100.13 99 70 99 42 99 44 99 63 99 69 99 BI 


0.09 percent 
2 0.36 percent 


clude several forms of silica, calcite and barite; no fluorite has been noted 
The persistent presence of tungsten in the vein oxides of the district is worthy 
of note; of 44 samples analyzed, 2 contained less than 0.2 percent tungsten, 
18 between 0.2 and 0.5 percent, 9 between 0.5 and 1.0 percent, and 15 samples 
contained more than 1.0 percent 

A little copper is persistently present in the manganese oxides; the max 
imum is 0.44 percent present in the sample from the Killian mine, Luna 
County, New Mexico. Likewise, zine is generally present but the amount 
rarely exceeds 0.20 percent. A little cobalt is persistently present in the 
manganese oxides but it is generally less than that which is present in super 
gene oxides in the southeastern states. The vanadium content of these vein 
oxides commonly ranges from 0.20 to 0.60 percent but this range is about the 
same as that in the supergene oxides of the western states. 
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X-ray spectroscopic analyses of ten samples of manganese oxide minerals 
recently collected from veins in the southwest and from one hot spring de- 
posit, Lava Hot Springs mine, Bannock County, Idaho, show the persistent 
association of strontium, zinc, and arsenic with manganese. Samples of man- 
ganese oxide minerals were collected at the Dixon mine, Ormsby County, 
from a prospect near Austin, Lander County, and from Hulse mine, Atlanta 
district, Nevada; two samples from the Logan mine, two samples from the 
Big Reef mine, and one sample from the Lee Yim mine, all in the Cady 
Mountains, San Bernardino County, California. One sample was collected 
at the Arlington (Black Jack) mine, McCoy Mountains, Riverside County, 
California, and another from the Gianera mine, Luis Lopez district, Socorro 
County, New Mexico. The strontium oxide content was several tenths of 
one percent in all of the samples. Except the sample from the Dixon mine, 
Ormsby County, Nevada, which is cryptomelane, all contained considerable 
barium oxide and the oxides are either psilomelane or hollandite. This 
spectroscopic data tends to confirm the results of the chemical analyses that 
appear in Tables 6 and 11; noteworthy strontium content seems to be found 
in the hypogene vein oxides rather than in the supergene oxides. 


STRATIFIED MANGANESE OXIDE DEPOSITS 


Western States—The definitely stratified deposits of manganese oxide 
lie in a broad are that extends from central Arizona through southeastern 
California and southern Nevada to northern Nevada. The most thoroughly 
explored and studied areas are the Artillery Peak district, Arizona (22, 38, 
40, 70), four districts in the Lake Mead area, Nevada (26, 29, 34, 37, 47), 
and the Golconda area, Nevada (2, 35). Less explored districts lie along 
the Lower Colorado River valley, near Lake Havasu (76), near Wingate 
Wash (4, 76), California, and near Cleveland, Idaho (25). As the result 
of considerable work by the owners and the Federal Government, much is 
known about the regional and local geology, the nature, extent, and grade 
of the stratified oxides at the Artillery Peak district and the Lake Mead area. 
The deposit at Goleonda, Nevada, has recently been exploited to exhaustion 
for the tungsten content. 

With the exception of the deposits at Golconda, Nevada, and Cleveland, 
Idaho, which are found in sections of sedimentary rocks of Pleistocene age, 
all of the other deposits occur in sections composed largely of volcanic flows 
and debris with less amounts of local land waste, of Tertiary age. In the 
Artillery Peak district (40), the thickest and most extensive bed lies in the 
Chapin Wash formation of lower Pliocene age; much thinner and less ex- 
tensive beds lie in the underlying Artillery formation, probably of Eocene age 
All of the districts in the Lake Mead area, Nevada (26, 29, 47), occur in the 
lower part of the Muddy Creek formation, also of Pliocene( ?) age, composed 
largely of land waste with minor debris of volcanic origin. In the Golconda 
and Cleveland districts there is no evidence of volcanic debris. 

In the Artillery Peak district (40, 70), a zone of sediments near the base 
of the Chapin Wash formation sporadically contains a bed in which the man- 
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ganese content is noteworthy over an area about 5 by 7 miles; the greatest 
lineal extent of a well-defined bed is about 7,000 feet, however. In one drill 
hole (BM No. 5) manganese in excess of 0.20 percent is present in every 
5-foot section for a total thickness of 407 feet of beds. Manganese is con- 
centrated in the upper 62 feet where average manganese content is 5.90 per- 
cent. The manganese content of one 5-foot section near the top of the 62 
feet, however, is 14.4 percent. From recent studies (22, 38, 40, 70), it 
appears that most of the cores of the 66 drill holes show a similar distribution 
of manganese content; it is only about one percent in the lower quarter of the 
thickness, rises steadily to the maximum of 15 percent near the top, and then 
abruptly drops to about one percent. From the many analyses that have 
been made of the cores from 66 drill holes (22), it has been estimated that 
the Maggie area, only a part of the total, contains about 150,000,000 tons, the 
average grade of which is about 5 percent manganese; this indicates a total 
content of manganese for this area of 7,500,000 tons. 

As the outcropping areas yielded several hundred tons of ore that con- 
tained more than 40 percent manganese, it seems certain that the outcrop 
of the bed had been enriched by weathering. Also, there is evidence that 
parts of the area were enriched by weathering during an earlier erosion cycle 
(40). It is possible that after deposition in the bed the manganese has 
migrated locally along the bed. There is no evidence here, as there is at the 
Three Kids mine, that the manganese in the bed has been redistributed locally 
by waters rising along faults. In the underlying Artillery formation, how- 
ever, there are veins containing manganese oxides that seem to be later than 
the layered oxides in that formation. 

Analyses of the cores collected by the Bureau of Mines (70), as well as 
of the samples collected by Lasky earlier, appear in Tables 7 and 9. It is 
worth noting that there seems to be a fairly constant ratio from 3.5: 1 to 5:1 
between the content of manganese and barium oxide in the cores. No X-ray 
analyses of the cores have been made but from the persistence of the barium 
oxide it is probable that the principal mineral is psilomelane or hollandite 
Among the minor metals a little lead, generally in excess of 0.20 percent, is 
present. The content of zinc and copper is generally less than 0.10 percent : 
a little tungsten is generally present, but in no analysis does it exceed 0.03 
percent. 

Within an area in southern Nevada, about 50 miles in diameter, stratified 
oxides of manganese have been explored in four separate local areas (26, 29, 
47, 37, 31). Even though widely separated, the beds of oxides in each of 
the areas seem to lie at about the same stratigraphic horizon—near the base 
of the Muddy Creek formation, considered to be Pliocene(?) in age At this 
horizon, however, the notably manganiferous bed rarely persists locally for 
more than several thousand feet. As the beds have been folded and faulted 
and now show dips that range from 5° to 20°, the original areal extent of 
a bed is not known. 

The area that contains the thickest and most extensive beds lies at the 
northwestern end of the River Mountains, about 20 miles southeast of Las 
Vegas (26, 29, 31, 37, 47 \t the principal mine, Three Kids, following 
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PABLE 7 
ANALYSES OF STRATIFIED OXIDES --ARIZONA 
Counaty—mine Source Host rock Bal WoO, 
Mohave County | U.S. Bur. Mines 
R. 1. 4275 
Artillery Peak Drill hole B1 Lower Pliocene 11.3 3.04 
District Chapin Wash 
| formation 
| Drill hole B2 114 2.06 
| Drill hole B3 44 24 
Drill hole B4 | 5.6 69 
| Drill hole B5 10.2 2.41 
Drill hole B6 4.1 29 
Drill hole B7 11.2 1.60 
Drill hole BS 43 25 
Drill hole B12 5.6 75 
Drill hole B13 6.6 1.32 
Drill hole B15 10.7 1.61 
Drill hole B17 69 5.42 
Comp. Stope 1 12.5 3.37 
Comp. Stope 2 8.2 2.57 
Outcrop 2 12.3 2.85 
QOutcrop 3 11.3 1.98 
Trench 7 12.0 2.54 
Trench 9 17.3 4.03 
Comp. Stopes 1.2 10.4 
Comp. Holes 1-2-5-7 11.0 ol 
|} Comp Holes 3-4-6 8 5.4 
| 12-13-17 
Mohave County 
Needles District } U.S. Bur. Mines Report 248 
Jones | Jones crude 24.5 5.5 
sintered concentrate 45.6 117 
Mohave County | U.S. Geol. Survey Chapin Wash 
Bull. 971 formation 
Artillery Peak 13-——Chapin 19 claim Hard ore 11.34 51 
District 
21—Chapin 17 Hard ore 2.39 OS 03 
22—-Chapin 17 Hard ore 23.74 11 03 
40-—-Chapin 2 Hard ore 13.85 2.3% 034 
| 47—Chapin 2 Hard ore 20.56 440 03 
Maggie 6 Hard ore 7.80 1.85 03 
19--Chapin 19 Clay ore 5.99 93 03 
23 hapin 19 Clay ore 97 2.13 
31—Chapin 21 Clay ore 6.98 31 03 
32-4 hapin 15 Sandstone ore 699 
33—Chapin 2 Sandstone ore 6.18 1.25 03 
50 — Maggie 6 Sandstone ore 4.08 65 03 


S. Bureau of Mines, 
manganese has been 
about 500 tons have 


Similar deposits have been explored by trench- 
ing and drilling: 1) Boulder City deposits, about 12 miles southeast of the 


} the Fanny Ryan, about one mile northeast; 3) the 
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Virgin River deposits, about 25 miles northeast. Little or no ore has been 
mined at these deposits. 

As a result of much exploration by trenching, drilling, and mining opera- 
tions in the Three Kids area, it is clear that geological conditions here are more 
complex than they are in the Artillery Peak district. The section of the 
rocks, volcanic flows, breccias, and tuff, with local land debris, presents im- 
pressive similarities with that at Artillery Peak and the age of the beds is 
about the same, Pliocene(?). At the Three Kids mine both drilling and 
mining show that the principal bed extends along the strike for about 3,000 
feet and that it has a maximum thickness of about 50 feet and manganese 
content of 20 to 30 percent in the central part of the outcropping zone. Drill 
holes indicate that both the thickness and manganese content steadily decrease 
down the dip. South of a large fault that limits the principal mined block, 
trenching and drilling indicates that one or two beds lie at the same strati- 
graphic position but they are thinner and have a lower manganese content 
than the bed in the mined block. 

Here, as at Artillery Peak, the outcrop area was enriched by weathering 
as about 13,000 tons containing about 40 percent manganese was shipped 
during early operations, 1917-18; in the outcrop area also, much of the ore 
was hard, coherent oxides, but in depth the ore is earthy and only feebly 
coherent. In some of the faults at the Three Kids mine, there are manganese 
oxides and hydrous silicates (neotocite?) and the wall rocks are altered from 
pale reddish to green; these features seem to indicate that warm or hot water 
probably chemically reducing, circulated in the faults after the oxides were 
deposited in the beds. Also the distribution of the manganese oxides differs 
sufficiently from one hole to others nearby to indicate that some manganese 
has migrated locally after deposition. 

The features noted above have led to the speculation that at the Three 
Kids mine much, if not all, of the manganese oxide in the zone may have been 
introduced along the faults to the beds. This seems improbable, however, 
as in both the Artillery Peak and Three Kids areas the beds that contain 
most of the manganese oxide are very fine grained sediments and the beds of 
coarse conglomerate that overlie the bed at Artillery Peak and underlie the 
bed at the Three Kids mine contain little or no manganese oxide. It is 
concluded here that in both of the areas, all of the manganese was deposited 
syngenetically with the detrital material, but in the Three Kids area some 
of the contained manganese has been redistributed by water circulating locally 
Joth areas show enrichment of the outcropping bed by weathering, however. 

Among the minor metals (Tables 8, 9), the lead content at the Three 
Kids mine is persistently high; in most analyses the ratio of manganese to 
lead in the crude ore ranges from 10:1 to 25:1. The average lead content 
of the mined product is about 2.00 percent; so high, in fact, that it is removed 
from the flotation concentrate and shipped. The copper content is generally 
less than 0.10 percent but one sample of 1,000 pounds collected by the U. S. 
Sureau of Mines for experimental purposes contained 32.5 percent manganese 
and 1.2 percent copper. The zinc content is consistently less than 0.10 per- 
cent. The tungstic oxide content of one sample was 0.06 percent but few 
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TABLE 8& 


ANALYSES OF Core SAMPLES, THREE Kips Deposit, CLARK County, NEVADA 
Analyses by J. G. Fairchild, U. S. Geological Survey) 


f Mines 
M Pb ( Ba 
12 96.100 12.0 045 0.01 0.10 0.13 1.46 
105 106 27.5 07 none 38 99 
| 227-232 24.5 OOS none 99 560 
2474-252 29.2 22 02 none 63 631 
267-270 14.2 $5 Ol none 37 3.48 
287-292 | 241 61 Os 16 47 5 
294.296 | 43 12 ol none 25 15.25 
102 306 1434 18 ol Os Os 5.12 
$1 61 62 14.6 4% 005 104 2.28 1 
108 112 23.48 1.30 O4 2.77 46 65 
161-166 21.2 1.03 ol 25 13 114 
14 92.97 25.1 RS OOS 1.36 $1 1.55 
' 122-123 134 22 02 12 68 6.13 
16 142-146 | 49 12 O05 1.38 55 1.94 
25 72-74 44 18 005 4.38 4.15 1.33 
97. 102 13.0 3.11 20 112 
122.127 22.5 171 ol 10 95 
142 146 3s 43 ol 10 os 103 
87-92 43 10 OOS 9 90 
107-112 4.2 10 ol 15 170 1.55 
147-142 4.1 10 O05 1.20 65 1.81 
* Arsenic appreciable; 0.7 per cent at 227-232. © Arsenic appreciable 
Antimony, tin and selenium were looked for in a few samples but not found 
analyses have been made. Arsenic is present in several samples and one 


sample contained 0.70 percent. Two X-ray analyses of a Three Kids core 
showed that the manganese is present as cryptomelane and hollandite ; tests 
by the operators indicate that the lead is present as coronadite. 

In the Fanny Ryan area (37, 47), one mile northeast of the Three Kids 
mine, a bed containing manganese oxide crops out for about 500 feet near 
the base of the Muddy Creek formation, but it has been explored by drilling 
down the dip for about 3,000 feet. This work shows that the beds form a 
simple syncline that plunges north. In a zone about 40 feet thick, manganese 
oxide is confined to s ai or 3 beds that have a total thickness of 12 to 25 feet 
The manganese content shows a range of from 1 to 10 percent and pri sbably 
averages about 5 percent 

In the Virgin River area (37, 47), about 25 miles northeast of the Threc 
Kids mine, trenching and drilling have shown the presence of a zone of man 
ganese-bearing sediments near the base of the Muddy Creek formation which 
forms a syncline that plunges southeast. The zone is exposed for about one 
mile on each limb, but the lenses of manganese-hearing sediments crop out 
continuously only for 2,000 to 3,000 feet \long the south limb there are two 
beds separated by a basalt flow and thin lavers of sediments. The thickness 
of the lower bed ranges from 4 to 15 feet and the manganese content from 5 to 
20 percent The thickness of the upper bed ranges from 5 to 15 feet and 
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the manganese content from 3 to 17 percent. On the east limb, only the 
upper bed contains noteworthy manganese; the maximum thickness is only 
6 feet and the manganese content is about 5 percent. 

In addition to those known in the Lake Mead region there is record of 


one other area in Nevada and two others in Eldorado and Inyo Counties, 
California in which manganese oxide is present in sedimentary material of 
Tertiary age (3, 52, 76 On the west slope of the Silver Peak Range in 


Esmeralda County, a layered zone that ranges in thickness from 10 to 20 feet 
has been explored intermittently by trenches for about 7,000 feet along the 
outcrop. In the trenches, the manganese content of a bed of tuffaceous sedi- 
ment ranges from 3 to 10 percent and the average is about 6 percent. The 
adjacent sediments are tuff and volcanic ash between flows of andesite ; these 
materials seem to belong to the Esmeralda formation of late Miocene and 
early Pliocene age. If the age is correctly inferred, these manganese-bearing 
sediments are the oldest known in Tertiary rocks in the Great Basin. Ac 

cording to Calkins, (52) Tertiary sedimentary rocks exposed in Through 
Canyon, Confidence Hills, Inyo County, California, contain a bed of man- 
ganese oxide one foot thick. In Wingate Wash about 3 miles west of Through 
Canyon and near Owl Holes, 18 miles south, similar sections of sedimentary 


rocks contain several beds of manganiferous material (4 

There is record of stratified oxides of manganese at only two other locali 
ties in the northern half of the Great Basin: near Golconda, Humboldt 
County, and near Cleveland, Franklin County, Idaho. Both of these deposits 
are in rocks that are, without much doubt, Pleistocene it 


age 

As the result of several programs of comprehensive study, much is known 
about the unique deposit of tungsten-bearing manganese and iron oxides of 
Golconda, Nevada (2, 35 The deposit has heen exploited to exhaustion re- 
cently for the tungsten content of the oxides, and has vielded about 103.000 


tons of ore that contained about 80,000 units of tungsten. Within an area 


about 6,000 feet long and 1,000 feet wide that lies along the lower slopes of 
the Edna Mountains adjacent to the valley of the Humboldt River, flat tabular 
bodies of manganese and iron oxides have been explored in five separate 
areas. In each of these areas, the flat-lying rocks contain three units: (1 

a bed of manganese and iron-bearing clay with sporadic gravels, about 6 feet 


thick, rests unconformably upon steeply inclined indurated slates, quartzites, 
and limestones of Cambrian age; the clavs are overlain by (2) a laver of 
travertine about 20 feet thick, and this is overlain by (3) a layer of gravel 
5 to 20 feet thick 

The tungstic oxide content of the clays shows a wide range, from 0.50 to 
as much as 8.80 percent; the manganese content from 0.50 to 40 percent and 
the iron content, from 1.0 to 28 percent. As mined, the tungsten content of 
the clay was about 0.80 percent \ little barium oxide is present in the clay: 
from a few analyses, the content is about one-tenth of the manganese content 
or much less than that in pure psilomelane or hollandite. For the tungsten 
hearing manganese oxide Kerr proposed the name “tungomelane” (35) 

In several small areas, both the underlying indurated sedimentary rocks 
and the layered oxides and tufa are cut by small veins of manganese oxides 
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If, as interpreted by those who have studied the area, the tungsten bearing 
manganese and iron oxides are of local hot spring origin, it seems that springs 
were not only active during the deposition of the layered oxides but sub 
sequently, 


In the vicinity of Cleveland, Idaho, flat-topped spurs extend westward 
from the Bear River Range toward Gentile Valley (25 These spurs are 
underlain by horizontal, relatively unconsolidated fine sand and clay. About 
200 feet below the flat top of one spur, a bed of manganese oxides has been 
explored underground over an area of about one acre. This bed, from 1 
to 4 feet thick, is composed of earthly manganese oxide and clay within which 


there are numerous nodules of hard manganese oxides, probably psilomelane 
and pyrolusite. From the workings, about 1,200 tons of clean manganese 
oxides, containing from 20 to 47 percent manganese, was shipped explora 
tions indicate that there is probably another higher bed of oxides in the sec 


tion. The beds lie above the level of Lake Bonneville and they are probably 
older than that lake 

In a nearby valley to the south of the mine there are small manganese 
hearing travertine cones that appear to lie along one of the faults that limit 


the range on the west; it is interpreted that the manganese in the beds was 
deposited by waters from springs that rose along these faults 


Cuba and Mexico In addition to the 


stratified deposits of manganese 
oxide in Nevada, southeastern California, and Arizona. much is known about 
deposits in eastern Cuba (58, 73, 82) and Baja California (81), which 


have 
several similarities. Table 10 has been prepared to show the essential features 
of the deposits, their Sstratigrapl IC associations, age of the ro« ks. mineralogy, 
and chemical composition of the manganese oxides in 1) the Three Kids 
area, 2) the Artillery Peak area, 3) the Charco Redondo area, ¢ uba, and 


+) the Lucifer area, Baja California. In eastern Cuba and Baja California, 
the manganese-bearing sediments were laid down in marine basins. but in 
Nevada and Arizona the basins were continental. In Cuba the age of the 
sedimentary section is late Eocene; in the other three areas the age of the 
containing rocks is early Pliocene ( ? 

In a few places in Cuba, beds of pure manganese dioxide as much as 6 feet 
thick were laid down (Charco Redondo area), but in most districts the man 
ganese oxides are intimately mixed with volcanic ash and the clavs resulting 


from their decomposition so that the manganese content ranges from 20 to 30 


percent. At the Lucifer deposit, Baja California (81), the bed ranges in 


thickness from 2 to 5 feet and the manganese content from 35 to 50 percent, 
mostly present as the minerals cryptomelane and pyrolusite The manganese 


oxides are disseminated through tuffaceous material. which the oxides are 


reported to replace The oxides persistently contain noteworthy lead that 
largely ranges from 0.50 to 1.75 percent, als 


! 0 copper that ranges from 0.10 
to 0.70 percent. No tungsten has been found 
Fac h of the four areas 1m luded in Table 10 show tl followi siucce ssive 


episode : ] afte ra pe riod ol vul anism tl at vit Ided flow Ss al d breccias of 
several varieties of rocks, they were deformed and subjected to great erosion 


2) there were laid down unconformably on the older rocks, beds of gravel 
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and conglomerate, and then abruptly fine-grained tuff and ash that contain 
manganese oxides. In each of the four areas, some have interpreted that the 
tuff and ash were deposited contemporaneously with the manganese oxides; 
others have interpreted that the manganese oxides replaced the tuffaceous 
material after it had been deposited. To one of the writers (D. F. Hewett), 
it seems that the similarity of the sequence of episodes in each of the four 
areas suggests that the mode of genesis should be the same in each area. 
It is interpreted here that in each area the manganese oxides were deposited 
as sediments 


MANGANESE-BEARING HOT SPRING WATERS 


Many hot springs are known in the Rocky Mountains and Intermontane 
region ; the most recent summary records 775 in the states of Oregon, Idaho, 
California, Nevada, Utah, Colorado, Arizona, and New Mexico (74). Even 
though the waters of at least several hundred of these hot springs have been 
analyzed, very few analyses record the presence of manganese. A recent 
review by one of the writers (D. F. Hewett) of numerous analyses on record 
in the U. S. Geological Survey Quality of Water laboratory at Menlo Park, 
California, reveals that the manganese content of the hot spring waters equals 
or exceeds 0.10 parts per million in one spring in Oregon, two in Idaho, six 
in Utah, one in California, four in Nevada, one in Arizona, and four in Colo- 
rado (12, 79); none is recorded in hot spring waters in New Mexico. The 
amount of manganese in the waters ranges from 0.10 parts per million (Borax 
Hot Spring, Lake County, Oregon) to 3.4 parts per million (Utah Hot 
Springs, Weber County, Utah). There are, however, other active hot springs 
in these states that are now depositing or have recently deposited manganese 
oxides, even though available analyses do not record the presence of man- 
ganese (Ojo Caliente Hot Spring, Taos County (43), New Mexico). In 
Table 11, there appear chemical analyses of nine of these springs. Even 
though the available pertinent data are meager, it appears to one of the writers 
(D. F. Hewett) that the hot spring waters of this general region that contain 
appreciable manganese (0.10 parts per million or more) persistently contain 
also noteworthy amounts of boron, fluorine, strontium, and lithium. 

The waters and geologic environment of Hot Springs, Arkansas, have been 
examined exhaustively and there has been much speculation concerning the 
source of the water (5). The writer (D. F. Hewett) was fortunate, in 
visiting the area in 1934, to see a modern excavation near Spring No. 23 
Water having a temperature of about 130° F was issuing from a fissure out- 
ward from which there were successive zones of abundant iron oxide and 
manganese oxide; x-ray diffraction indicates the oxide is psilomelane. 
Table 11 shows an analysis of the water of Big Iron Spring nearby; it con- 
tains 0.3 parts per million of manganese. The analysis closely resembles 
that of Bruffeys Hot Spring, Eureka County, Nevada. 
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MANGANESE OXIDES NEAR SPRINGS 


Manganese oxides in noteworthy amounts have been found in the vicinity 
of active hot and cold springs in several localities in the west and also in the 
travertine and sinter near extinct springs. Only in a few localities have the 
manganese minerals near the springs been determined, but partial chemical 
analyses of some have been made (Table 12). The available record indicates 
a persistent association of manganese oxides, fluorite, and barite with the 
travertine that forms aprons near active hot springs at several localities in the 
Western States (Table 12). Recently, White (78) has assembled the record 
of manganese oxides near hot springs and of the presence of noteworthy 
amounts of fluorite in the tufa near hot springs. 

Near Dunseith, North Dakota (23), several cold springs are now deposit- 
ing mounds that are largely calcium carbonate, but from place to place con- 


TABLE 12 


ANALYSES OF MANGANESE OXIDE MATERIAL 
EXTINCT SPRINGS 


DEPOSITED BY ACTIVE AND 


State Ource Minerals Bal) 
Arizona Burmeister mine brown oxide 
Extinct black oxide 
travertine 
sinter 
California Saline Valley cryptomelane 


small 
medium 


Active travertine 
Colorado Poncha Hot Spring black oxide* 
Active travertine 
Colorado Ouray Hot Spring black oxide* 
Active travertine 
Nevada East Range black calcite 
Extinct travertine 
North Dakota Turtle Mtns rancieite 
Active travertine 
Utah Abraham Hot Spring black oxide 
Active travertine 


Mineral 


Arizona Burmeister mine brown oxide 
black oxide 
Extinct travertine 


present 


present 


sinter 
Saline Valley cryptomelar 
Active travertine 
Poncha Hot Sprit lack oxide* 5 001 0007 0005 
Active travertine 
Ouray Hot Spring ck oxide* 5 > 5 < 0005 
Active travertine 
travertine 
nceite 
travertine 
black oxide 
travertine 


intitative spectros« 


VPS 41 
1.0 0.5 »11 
50.0 01 0.77 
0.87 
4293) 21 943 07 
$3.24 | 12.55 | 2.42 5.50 4.28 7 
State Source | Sr Ph Cu Co.N 
0 0 0 
=|. 
smal small 
California 48 
Colorado 1.0 
Colorado 
Nevada 02 
North Dakota 
Utah 00 


form of ranciette is present; analyses show 
the manganese content of the tufa to range from 5 to 24 percent. At several 


localities along the western border of the Wasatch Mountains in southern 
Idaho and northern Utah, there are mounds of travertine that mark the loca- 
tion of extinct springs. Some of these contain noteworthy amounts of man- 
ganese oxide and one near Salt Lake City (Evans lime equarry) (8) has 
yielded about 200 tons of material in which the manganese content ranged 
from 15 to 25 percent \n X-ray analysis shows that the mineral is pyrolusite. 

\t the ie, near Mayer, Yavapai County, Arizona (68), a 
deposit of manganese oxides has been explored from time to time since 1917 


and has yielded about 2,500 tons of concentrate in which the manganese content 


has ranged from 48 to 54 percent. In ravines and mine openings, the fol- 
lowing section of nearly horizontal rocks is shown: (1) 20 to 30 feet of buff 


sandstone with limy layers rest upon pre-Tertiary granite and schist: this is 
overlain by (2) 3 to 6 feet of thin-bedded tuff, upon which rest (3) mounds 
of dolomite travertine, sporadically replaced by opal and chalcedony. These 
mounds are overlain by (4) a thin layer of tuff and brown sandstone, 0 to 
10 feet thick, and this by (5) a flow of basalt. The age of these rocks has 


been interpreted as Tertiary, probably late Tertiary. The concentrations of 


manganese oxide are found in and 


near the mounds of opalized dolomite 
Spectroscopic analyses of two varieties of manganese oxide are shown in 


~ 
fable 12. The manganese oxides (cryptomelane and psilomelane?) were 


cle posite 


| after the travertine and silica minerals 


\t several localities in the Great Basin and Rocky Mountains, active hot 
springs are now depositing travertine that contains one or more of the fol- 
lowing minerals: manganese oxide, fluorite, barite (Table 13). A hot spring 
in Saline Valley County, Californi 


itornia (65) is especially interesting be 
cause the recently deposited manganese oxide (cryptomelane) contains note- 
vorthy amounts of tungst xid lhe spring issues from a low mound of 


travertine about 1,000 feet in diameter in the middle of a broad valley that 


extends northeast from Sali alley. As exposed in ravines, the mound 
i le up of alternating horizontal layers of calcium carbonate and layers 

langanese oxide 1 to 10 inches thick \ partial analysis of a sample of 
one layer shows nganese 34.6 percent, barium oxide 1.9 percent, and 
tungsty oxide 0.60 percent (Table 12 


Of the numerous active hot springs known in Utah, available analyses 
indicate sence of more than 0.1 parts of manganese in six; at the follow- 
ing springs, mar cide is being deposited in noteworthy quantities ; 
braham., nea Ita, Ju County; Utah, Box Elder County - El Monte, 
Weber County; Monroe and Joseph, Sevier County. From the travertine 

springs, Abraham and Utah, and of two inactive 
County and Live Oak, Sevier County, manga 
amd shipped. Abraham Hot Spring rises near 
travertine about 1600 feet in diameter. In parts 
lavers of manganese oxide and about 715 tons con- 
taining ercent of manganese have been shipped. A sample 
of the st ma contained manganese, 33.24 percent; barium oxide, 
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4.28 percent; lead oxide, 0.01 percent; tungsten was absent. An analysis 
of the water appears in Table 11. Utah Hot Spring rises at the east side of 
a travertine apron at least 2000 feet in diameter; the apron also contains 
layers of oxides in which iron exceeds manganese near the spring but man- 
ganese exceeds iron about 1500 feet west. In Sevier County, numerous hot 
springs rise where the broad plain of Sevier River valley meets the mountains 
that limit it eastward. The travertine apron of Monroe Hot Spring (analysis 
Table 11) contains considerable manganiferous limonite but in that near 


TABLE 13 


MANGANESE OxipE, CALCIUM CARBONATE, FLUORITE, BARITE IN SPRING APRONS 
AND VEINS N&aAR Hot SPRINGS 


State —_ Manganese Calcium Barium Calcium 
County — oxide carbonate sulfate fluoride 


Colorado 
Delta Co Doughty Spring ? abundant abundant 4 
apron 


Mineral Co Wagon Wheel | present abundant | abundant present 
vein 
near spring 
Chaffee Co. | Browns Canyon | present abundant 
vein 
Chaffee Co Poncha Spring present present ? 
apron 
Ouray Co Ouray present present ? ? 
apron 
Nevada 
Eureka Co Bruffeys Spring trace abundant present present 
apron 
New Mexico | 
Taos Co | Ojo Caliente present abundant present 
apron 
Utah 
Juab Co. Abraham abundant | abundant in manganese 
apron | oxide 
Weber Utah Hot Spring abundant abundant trace in 
apron manganese 
oxide 
Bolivia Uncia abundant | abundant abundant ? 


Joseph Hot Spring, 5 miles southwest, manganese oxide ahout equals iron 
oxide. Also, the apron of an extinct spring, at the mouth of Live Oak Can- 
yon, 6 miles south of Monroe, contains a layer of nearly pure manganese 
oxide and a carload of ore has been shipped 

In Colorado there is record of several hot springs, the waters of which 
either contain manganese or have recently deposited manganese in a nearby 
travertine apron. According to D. E. White (79) of the U. S. Geological 
Survey, manganese oxide occurs in the travertine apron of Ouray Hot Springs; 
a semiquantitative spectroscopic analysis of a sample collected where Canyon 
Creek meets Uncompahgre River shows manganese, more than 50 percent; 
iron, 0.1 percent; tungsten, more than 1.0 percent (Table 12). An analysis 
of the water appears in Table 11. The travertine apron of Poncha Hot 
Spring, Chaffee County, contains sporadic manganese oxide of which a semi- 
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quantitative spectroscopic analysis shows manganese, 30 percent; iron, 0.5 
percent; tungsten, 1.0 percent (79) (Table 12). 

In Delta County, the waters of three Doughty Hot Springs (18) contain 
noteworthy manganese, from 1.3 to 2.3 parts per million, but there is no 
record whether they are depositing manganese oxides. At Wagon Wheel 
Gap (12), there are three hot springs, the largest of which lies near the center 
of a travertine apron, and along the extension of a vein of barite and fluorite. 
An analysis of the travertine shows fluorite, 0.45 percent, and barite, 0.078 
percent. An analysis of the water is shown in Table 11. There is no record 
of manganese in the water or in the tufa apron, but “manganese flowers” 
are present in the vein. 

The hot spring at Ojo Caliente, Taos County, New Mexico, and _ the 
nearby travertine apron have been carefully studied by Lindgren (43). An 
analysis of the waters appears in Table 11; there is no record of the manganese 
content, but the travertine apron, largely calcium carbonate, contains 0.9 per- 
cent calcium fluoride and both manganese and iron oxides. 

Bruffeys Hot Spring, Eureka County, Nevada, has a low discharge, but 
lies within a large area of old travertine, an analysis of which shows note 
worthy barite and fluorite (74). An analysis of a sample of water collected 
by the writer appears in Table 11; no manganese is present, but the old traver- 
tine shows sporadic black spots that are probably manganese oxide 

Lindgren (45) has described a hot spring near Uncia, Bolivia, that has 
deposited a mound made up of alternating layers of calcium carbonate, man 
ganese oxide, and barite. An analysis of a sample of the manganese oxide 
shows manganese, 19.4 percent; barium oxide, 5.86 percent; tungstic oxide, 
2.19 percent; insoluble, 53.5 percent. 

There is record of one area in Nevada where a travertine apron, obviously 
deposited by springs that are now extinct, contains noteworthy manganese 
oxide \t the north end of East Range, about 12 miles southwest of Win 
nemucca, Humboldt County, Nevada (65), a travertine apron about 200 by 
500 feet has been explored by trenches. Most of the material is porous brown 
calc1um carbonate of which an analvsis shows manganese, 0.87 percent and 
tungstic oxide, 0.025 percent. From place to place there are concentrations 
of manganese-bearing material of which one analvsis shows manganese, 18.6 
percent; tungstic oxide, 0.025 percent. About 2 miles southwest of this 
travertine apron, an attempt has been made to mine small veins made up of 
manganese oxide and quartz in the underlying pre-Tertiary rocks. 

Somewhat similar conditions are found near Sodaville, Mineral County, 
Nevada (65). Several warm springs (temp. 100° F) issue from marshy 
ground in an area of travertine. On higher ground, about 1,500 feet west 
of the spring area, a tunnel and some trenches explore veins of manganese 
oxide in layered cherty rocks, Triassic in age. A sample of the pure mangan- 
ese oxide | 


a 
isilomelane ), collected by P. ] 


Kerr, showed, on analysis, man- 
percent; barium oxide, 14.2 percent; and tungstic oxide. 4.88 
percent. No analysis of the travertine is available. 


ganese, 47.3 


\ review of the preceding data concerning manganese in hot spring waters 
and the occurrence of the oxides and several other minerals in the nearby 
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travertine aprons, indicates several conclusions, obviously tentative because 
the base data are derived from many sources, gathered for diverse purposes 

Manganese is an uncommon, rather than persistent, constituent of hot 
spring waters in the Rocky Mountains and Great Basin. The analyses pre 
1 


sented in Table 11 were selected from many available, in part because the 


manganese content is noteworthy, or because the waters are depositing one 
or more of the following minerals in addition to calcium carbonate : manganese 
oxide, fluorite, or barite. To one of the writers (D. F. Hewett), it seems 
that the available data indicate: (1) that the hot waters that contain appre 
ciable manganese or are depositing manganese, also tend to contain noteworthy 
fluorine, boron, strontium, and lithium; (2) that the travertine aprons that 
contain manganese oxides persisicntly contain fluorite and barite; (3) the 
manganese oxides in the travertine aprons, persistently contain noteworthy 
amounts of tungstic oxide and strontium 


RELATIONS OF STRATIFIED OXIDES TO VEINS OF OXIDES 
AND TO SPRING DEPOSITS 


To explore the possible genetic relations of these three modes of o currence 
of manganese oxides, the areal coincidence of the three types, the age and 
nature of the enclosing rocks, zonal reiauions, mineralogy and chemical com 
position of the oxides, will be considered. 

On Plate 1, there are shown the location of: (1) the known vein deposits 
of manganese oxides in the West that are considered hypogene; (2) the 
deposits of the stratified oxides; and (3) the manganiferous hot springs and 
spring deposits. Viewed broadly, there is no general coincidence of the 
areas within which the three types of deposits are found. All of the known 
veins and stratified deposits lie in a broad arcuate belt roughly parallel to 
the southern, southwestern, and western limits of the Plateau Province 
Within this broad belt, notably in western New Mexico and Arizona. there 
are the most important copper, lead, and zine deposits of the southwest 
There are no known deposits of stratified manganese oxides in Arizona or 
New Mexico east of the Artillery Mountains even though numerous oxide 
bearing veins have been explored in those states. The greater number and 
largest deposits of the stratified oxides lie in two areas, the Artillery Peak 
district. Arizona, and the Lake Mead area, Nevada, within which only a few 
small veins of the oxides have been found. Only in two districts, that Which 
lies near the south end of Lake Havasu, and that in Wingate Wash. Invo 
County, California, have deposits of stratified oxides been found near veins of 
the oxides. In the latter district, within an area 2 miles in diameter. several 
deposits of stratified oxides and veins of oxides have been explored. Un 
fortunately, neither district has been studied sufficiently closely to establisl 
a genetic relation 

The age of the laye red sedi 


ments that contain stratified manganese oxides 
and associated volcanic rocks is fairly well established in two areas. The 


Chapin Wash formation that contains the principal stratified oxides in the 


Artillery Peak district is cetermined tentatively as lower Pliocene( ? \ 
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the result of much study and geologic mapping of a large area in southern 
Nevada, the Muddy Creek formation, which contains the deposits of stratified 
oxides in four districts, is also considered to be Pliocene(?) (46). On the 
other hand, the age of the layered volcanic rocks, flows, and tuffs in the 
Black Rock district, Esmeralda County, Nevada, is only known to be Tertiary ; 
they resemble rocks in the general region considered to be Esmeralda forma- 
tion of late Miocene and early Pliocene age. In the Lake Havasu, Wingate 
Wash, Confidence Hills and Placerville districts, California, the layered sedi- 
mentary and volcanic rocks are only known to be Tertiary in age. 

In contrast to the deposits of definitely supergene manganese oxides ex- 
plored in the west, most of the veins explored for manganese oxides are found 
in layered voleanic rocks, flows, agglomerates, breccias, and tuffs, in some 
places with sedimentary rocks derived from nearby mountains, the age of 
which in most places can only be stated as Tertiary, probably middle Tertiary. 
Some of the explored veins, however, are found in carbonate sedimentary rocks 
of Paleozoic age and a few veins are in Precambrian metamorphic rocks that 
are overlain nearby by voleanic rocks of Tertiary age. From present knowl- 
edge, it can only be stated that most of the oxide-bearing veins were probably 
deposited in late Tertiary, probably Pliocene, time. Thus there seems to be 
general coincidence of the epochs of vein formation and deposition of the 
stratified oxides in the most important districts. 


Accordine to Bateman (2), the layer of travertine that overlies the layer 


of mangane: d iron oxides at Golconda, Nevada, is higher and probably 
older than Lake '"ahontan of late Pleistocene age. The beds of manganese 
oxides interbedded with travertine near active or inactive springs range in 
age from late Tertiary to Recent. 

From this review, it seems probable that manganese oxides have been 
laid down in several sedimentary environments that include travertine aprons 
near springs and as persistent layers in local basins intermittently from early 
Pliocene time to the present. 

Determinations of the manganese oxide minerals by X-ray methods have 
been made on many specimens from veins in the southwest, especially from 
those in New Mexico; only a few determinations have been made on speci- 
mens from the stratified oxides and from the travertine aprons near springs. 
The most widespread and most abundant oxide in the veins is psilomelane ; 
next in abundance is cryptomelane, followed by hollandite. One vein in the 
Luis Lopez district (Carretas Canyon), New Mexico, contains coronadite ; 
it seems probable that 2 to 4 percent of lead in the concentrate from the 
Tower mine indicates the presence of this mineral (30). Even though pyro- 
lusite has been proven in only one specimen (Manganese Valley mine, Luna 
County, New Mexico) it is probably present in small quantities as the latest 
oxide in many veins in the southwest. 

Two specimens of the stratified oxides from cores at the Three Kids mine 
were proven to be cryptomelane and hollandite but available chemical analyses 
show that barium oxide is highly sporadic in the area (Table 8). According 
to the management of the mine, the persistent lead content of the ore is due 
to the presence of coronadite. No X-ray analyses of the stratified oxides 
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in the Artillery Peak district have been made but the persistent presen 
barium oxide in the cores in the ratio of one part of barium oxide to 3 to 


parts of manganese, indicates that the mineral is either psitlomelane or hol 
landite. An X-ray analysis of one specimen from the travertine apron at the 
Saline Valley hot spring shows that the oxide is cryptomelane. No X-ray 
analyses have been made of material from the Golconda deposit. Several 


chemical analyses of the material show that the ratio of barium oxide to man 


ganese ranges from 1 part barium oxide to 9.0 to 12.8 parts of manganese 


From this it appears that some psilomelane or hollandit 


ne 18 pre sent 
In the problem of the genetic relation of the three types of deposit« more 

I | 

significant than the manganese oxide minerals are the nonmetallic n 


inerals 
in the veins, zeolites, barite and fluorite, and several forms of ilica, 
chalcedony, and quartz. In one vein in the Aguila district, Arizona. a laver 
of zeolite is earlier than the abundant “black carbonate.” In two veins in 
the Luis Lopez district (Tower and Gianera mines , and in the Little Florida 


district, New Me XICO, the lavers of oxide and “blac k carbonate” are followed 
by layers of opal, fluorite, quartz, and calcite. Next to the abundant man 


ganese oxides and “black carbonate” in the veins in New Mexico and Arizona. 


probably white calcite is the most abundant and widespread ; chalcedony and 
quartz are also widespread 
From the studies that have been made of the vein deposits of the mangar 


ese oxides in several districts in New Mexico and Arizona, it appears that 
barite is present in many of the veins that have been explored and it i 
erally younger than the manganese oxides. Also, the studies that have been 


made of the fluorite and barite deposits of New Mexico | 10, 33. 69 


wer 


rial 
! and of 
the fluorite deposits of southeastern Arizona (77) show that both the oxides 


of manganese and manganiferous “black carbonate” are present in some of 
the veins; one vein (Tortugas Mountain, Dona Ana County, New Mex 


explored for fluorite, contained veinlets of 


ICO ) 
manganiferous carbonate (4.5 
percent manganese ) to the greatest depth attained, 532 feet 

From the numerous partial and the few complete analyses that have been 
made of the manganese oxides in the veins and in the layered rocks, it seems 
possible to draw a few conclusior 


7 is that have bearing upon their genetic rela 
tions. As stated earlier, the most abundant oxide minerals it the veins are 
psilomelane, cryptomelane, and hollandite, and fluorite and barite are cor 
monly terminal minerals in the veins sarium oxide is persistently present 
in the layered oxides at Artillery Peak. but it is ot ly sporadic in the oxides 


of the Lake Mead area and Golconda. Nevada 


In many of the veins of New 
Mexico and the southwest, the lead content of the manganese oxides is com 
monly less than 0.10 percent but licha has shown that ina part of the [Luis 
Lopez district (30) the lead content of the oxides from several mines ranges 
from 1 to 4 percent, and he has drawn lines over the district chor 


ving the 


areas of equal lead content \mong the districts that contain stratified oxide 
the lead content is low but persistent in the Artillery Peak district, is per 
sistently high, 1 to 3 percent, in the Three Kids deposit, and is absent at 
Golconda. The copper content of the oxides from veins shows a wide range 


the highest on record is 0.44 percent in the oxide from the Killian veir 


| 
it 
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Deming, but elsewhere is generally less than 0.10 percent. Of 12 analyses 
of samples from the stratified oxide at the Artillery Peak district, one showed 
0.16 percent copper but the others showed 0.05 or less. Of 21 analyses of 
core samples from the Three Kids mine, none contained more than 0.07 
percent copper ; on the other hand, three bulk samples collected by the Bureau 
of Mines for mill tests contained 0.20, 0.35, and 1.2 percent copper. To one 
of the writers (D. F. Hewett), there seems to be no significance in the small 
amounts of zinc, nickel, cobalt, and vanadium in the oxides from veins and 
from stratified oxides. 

The content of tungstic oxide in the vein oxides and stratified oxides, 
however, seems to indicate a genetic relation. Of 60 specimens from man- 
ganese oxide veins in New Mexico and Arizona, noteworthy tungstic oxide 
is present in 37; the highest content in nearly pure psilomelane is about 3.0 
percent (Hulse mine, Lincoln County, Nevada). Of seven specimens from 
Sierra County, New Mexico analyzed, tungstic oxide was present in six and 
the average content was 0.84 percent. Several specimens of pure psilomelane 
from the districts in Dona Ana and Grant Counties, however, contain no 
tungsten. 

Among the stratified oxide deposits, a little tungstic oxide, not exceeding 
0.03 percent, is persistently present in the material of the \rtillery Peak 
district that contains from 5 to 20 percent manganese. Of 12 samples col 
lected by Lasky in that district, the tungstic oxide content ranged from none 
to 0.03 percent. One sample from the Three Kids deposits contained 27.5 
percent manganese and 0.06 percent tungstic oxide. Of 20 samples collected 
by Roberts (2) in the Golconda area, all but 3 contained more than 0.50 
percent tungstic oxide; one sample that contained 9.2 percent manganese, 
and 25.6 percent iron, contained &.8 percent tungstic oxide 

Of the two samples of manganese oxide deposited by an active hot spring, 
that from Saline Valley, California, contained 34.6 percent manganese and 
0.60 percent tungstic oxide, and that from the Abraham spring, Utah, con- 
tained 33.4 percent manganese but no tungstic oxide. Spectroscopic analyses 
of samples of manganese oxide deposited in the travertine apron of Ouray 
Hot Springs, Ouray County, Colorado, indicate about 50 percent manganese 
and more than one percent tungsten and a similar sample from Poncha Hot 
Spring, Chaffee County, Colorado, contained 30 percent manganese and 1.0 
percent tungsten. 

To the writers, the data concerning the content of minor metals presented 
above indicate a genetic relation between the veins of manganese oxides of 
late Tertiary age, the stratified oxides of early Pliocene and Pleistocene age, 
and of recent hot springs. 

The broad are within which most of the veins of hypogene oxides of 
manganese are found, and that extends from central New Mexico. across 
southern Arizona and southern California into western Nevada, is deficient 
in active hot springs and only a few of the waters contain appreciable man- 
ganese. It appears significant, however, that in the western part of this broad 
arc, the sedimentary rocks of Tertiary age, though largely local land waste 
and debris of voleanic origin, also contain large deposits of borates, of celestite, 


DEPOSITS OF THE MANGANESE ONIDES 49 


and of manganese oxides. The distribution of the beds of manganese oxides in 
this region is described in detail previously. There is record of persistent 
beds of celestite in three areas, of strontianite in one area in southeastern 
California (11), and of celestite in two areas of southwestern Arizona (27). 
In at least five of the six areas the beds of celestite and strontianite are in 
sediments of Tertiary aye eds of borate s (calcium and sodium ) are pre sent 
in sedimentary rocks of mid- to late Tertiary age in at least six districts in 
southeastern California and one in Nevada; none is known in Arizona 


ZONAL RELATIONS OF MANGANESE MINERALS 


In several western metal-mining districts, the record indicates that some 
manganese minerals are concentrated in a zone that surrounds a central area 
within which copper minerals are concentrated \ well-known example is 
the Butte district, Montana, where the manganese minerals rhodochrosite and 
rhodonite are largely concentrated in a zone that also contains abundant zinc, 
lead, and silver minerals, and that surrounds the copper-bearing core. The 
writer's observations (D. F. Hewett) in the Ely district, Nevada. indicate 
that deposits of manganese minerals, wholly supergene oxides thus far, lie 
north and east of the central copper-bearing core. At Bisbee, Arizona. most 
of the known manganese deposits lie in a broad are that surrounds the copper 
deposits (1) in the Sacramento Hill intrusive. and (2) the large bodies in 
the Paleozoic limestones that surround Sacramento Hill Also, at Tomb 


lie in a broad are that lies west. southwest, and 
south of the central area within which there are the important deposits of 
1 1 


gold and 


stone, the manganese deposits 


silver ore At Bisbee it appears probable that mar ganese oxides 
that have been mined are derived largely from alabandite, perhaps in minor 
part from rhodochrosite Tombstone it seems probable also that the source 
of the oxides mined is also largely alabandite. It may be significant that in 
the minerals which are the source of the oxides mined in these districts, 


rhodochrosite, rhodonite, and alabandite. the nt in the 
Thus far, there are not known in 
the environs of these districts, veins of probably hypogene manganese oxide 
minerals in which the manganese exists in the higher states of oxidation 


manganese is prese 
lowest or manganous state of oxidation 


In several parts of New Mexico, veins of manganese oxide-carls mate min 


erals are closely associated with. and in places zonally disposed with reference 


to, veins with abundant fluorspar and barite. In the Little Florida Moun 
tains, Luna County, the several veins of oxides that have been extensively 
explored lie in a belt that trends N 20° W along the east slope of the moun 
tains ;. in the veins a little barite is a late mineral but fluorite is not recorded 
Fast of the belt of manganese 


ide veins is at other in which veins of fluorite 


with minor barite have been explored (39 


| oth groups of veins are in 
the same host rock, an agglomerate of late Te rtiary age Iso in the Hoggett 
mine area, Hidalgo County, 50 miles southwest of the Little Florida Mout 


tains, several veins with abundant 1 stlomelane have been explored within 500 
feet of veins explored for fluorite. The host rock of both groups of veins is 
a flow of rhyolite porphyry of Tertiary age 
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In a belt that extends from Caballo Dam on the Rio Grande southward 
60 miles beyond Las Cruces, largely on the east side of the river, about 20 
veins have been explored for fluorite, 9 for manganese, and several for barite 
(10, 33,69). In four areas in this belt—Apache Canyon and Nokaya Moun- 
tain, Sierra County; north of Rincon (Valerde mine), Tonuco Mountain. 
and Tortugas Mountain (Hoffer mine), Dona Ana County—veins with 
abundant fluorite and minor barite occur within a mile of veins explored for 
manganese oxides. These veins are found in a wide variety of host rocks. 
Precambrian gneiss, Paleozoic sedimentary rocks, and voleanic rocks of Ter- 
tiary age. At the Tortugas mine a vein of fluorite explored to a depth of 532 
feet showed veinlets of manganiferous (black) calcite in the lowest working 
(33). A study of the Organ Mountains area (10) indicates that copper 
deposits lie near a large intrusive body, and that deposits of zinc, lead, and 
fluorite with barite, lie in zones successively outward (westward) from the 
intrusive. Veins of manganese oxides are found in the zone that contains 
the fluorite-barite veins 

The Magdalena district, Socorro County, has been the source of large 
quantities of zinc ore and most of the deposits lie in Paleozoic carbonate rocks: 
some lie in overlying volcanic rocks of Tertiary age. Lindgren considered 
that the ore deposits were late Tertiary (Pliocene) in age (44). The known 
veins of manganese oxides in the Luis Lopez district, about 15 in number, lie 
in volcanic rocks of Tertiary age in a broad are that surrounds the Magdalena 
district on the southeast, 10 to 20 miles distant 

It should be noted that in the group of manganese oxide minerals most 


a 


common in the veins under consideration (psilomelane, hollandite, crypto 


melane), manganese exists both in the manganous and manganic states; in 
this they differ from the rhodochrosite, rhodonite, and alabandite found in 
many base-metal districts where the manganese is wholly in the manganous 
state. In the deepest mines of southwest New Mexico. exploring veins of 
fluorite (Tortugas mine, 532 feet) and manganese oxide-carbonate minerals 
(Luna mine, Luna County, 500 feet), no rhodochrosite, rhodonite. or alaban 
dite have been found 

From the information available concerning the nature and distribution of 
manganese minerals in base-metal mining districts and those found in districts 
where veins of fluorite and barite with minor metal sulfides are explored, it 
seems possible that carbonate-silicate-sulfide manganese minerals may be 
characteristic of one depth or temperature zone and that the manganese oxide 
carbonate minerals are characteristic of another higher zone. The record 
indicates that the group of manganous minerals has formed during an early 
epoch, say Cretaceous and early Tertiary, and that the other group of man 
ganese minerals has formed during a late epoch, late Tertiary (Pliocene?) 
To one of the writers (D. F. Hewett). it seems that the two groups of man- 
ganese minerals may have been formed in separate zones in any metal district 
in which manganese is abundant. The record indicates that most of the 
veins of manganese oxide-carbonate minerals now known occur in volcanic 
rocks of Tertiary age, but it may be that parts of them remain because the 
time that has passed since they were formed (Early or middle Pliocene?) is 
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not long enough for them to have been eroded. On the other hand. such 
veins may have existed in the surficial zones of the metal districts of Cretaceous 
and early Tertiary age but they have been removed by erosion during early 
Tertiary time. 


CONCLUSIONS AND HYPOTHESES 


In the preceding review, it has been the purpose to assemble data con 
cerning 32 manganese oxide minerals and to consider their geologic environ 
ment in the hope of determining, from place to place, (1) whether the con 
tained manganese is supergene or hypogene; and (2) in the light of the 
data, to consider certain hypotheses of the relation of some manganese oxide 
bearing veins to some stratified deposits of manganese oxides in the south 
western part of the United States 

It is concluded that : 

1. Some manganese oxide minerals appear to be found only in deposits of 
supergene origin—groutite, hydrohausmannite, lithiophorite, rancieite, hetaero 
lite, hydrohetaerolite, cesarolite, chalcophanite, crednerite, woodruffite, and 
wad. 

2. Some manganese oxide minerals are found only in deposits of hypogene 
origin—manganosite, hausmannite ?, pyrochroite, bixbyite, galaxite, jacobsite, 
franklinite, pyrophanite, and ilmenite. 

3. Some manganese oxide minerals are found in deposits of supergene 
origin in some places and are also found in deposits of hypogene origin at 
other places—pyrolusite, ramsdellite, manganite, cryptomelane, psilomelane, 
hollandite, braunite, and coronadite 

In this situation, in order to determine whether certain manganese oxide 
minerals are supergene or hypogene from one place to another, it is necessary 
to use criteria such as (1) the source with reference to water level: (2) 
nature and age of host rock; (3) the close association of the manganese oxides 
in the veins with other later minerals, especially some nonmetallic minerals 
such as barite, fluorite, and zeolites, considered to be hypogene; (4) the 
existence of zones, revealed either horizontally or with depth, of the man 
ganese oxide-bearing veins in association with veins of other minerals of as 
sured hypogene origin (fluorite, barite) ; (5) the presence or absence in the 
manganese oxide minerals of small but noteworthy amounts of other metal< 
such as tungsten, lead, strontium, copper, and arsenic: and (6) the 
through local exploration that there doe$ or does not exist an adequate source, 
in the nearby rocks or in depth, of the manganese oxides found in the veins 
By the use of these criteria, it is interpreted that the source of the man 


ey idenc 


ganese in many deposits is hot waters that have risen from great depth ; from 
these waters, some of the manganese was deposited in a deep zone as rhodo 


chrosite, rhodonite, and alabandite near bodies of base-meta] sulphides (cop 


per, lead, and zinc); the manganese remaining in solution rose in fissures 
and near the surface oxide minerals were deposited ; any manganese still re 
maining was carried to the surface where, having access to oxvgen in the air, 
it was precipitated as one or more oxides. These were carried by surface 


streams to local basins where they were laid down as sediments with local 
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land waste and commonly fine volcanic debris. Even though there seems 
to be a persistent tendency for the manganese minerals—rhode« rosite, rho- 
donite, and alabandite—to be deposited in a zone that surrounds a central 
core in which copper-bearing sulfides predominate, no attempt is made here 
to offer an hypothesis that might explain these zonal relations. The following 
hypothesis, however, is offered to ¢ xplain the occurrence in a higher zone of 
the group of manganese oxide minerals in which the manganese exists both 
in the manganous and manganic state. 

In order that this group of manganese oxide minerals may form, oxygen 
is needed. It seems probable that this oxygen must come from a surficial 
source rather than from depth \ possible source of oxygen to form the 
oxides found in the veins is that which is carried downward from the surface 
by descending ground-water. Most of the vein deposits of hypogene oxides 
are found in layered voleanic rocks, flows, agglomerate, breccias, and tuffs, 
which now are gently, rather than steeply, inclined. If and when waters 
from depth carrying manganese rose along fractures that cut across the layered 
rocks they would encounter near the existing surface oxygen-bearing water 
of surface origin (meteoric) and tend to be precipitated as minerals containing 
manganic oxides. If such manganese-bearing waters continued to the surface. 
any remaining manganese would tend to be precipitated when they were ex- 
posed to the atmosphere. Then, probably as floculent solids. they would be 
carried in surface streams to sites favorable for deposition. Also, such flocu- 
lent oxides of manganese would tend to be deposited with the fine-grained 
sediments rather than with the coarse. 

The foregoing hypothesis is fortified further by the existence of active hot 
springs now depositing manganese oxides that contain appreciable amounts 
of several uncommon metals, which are also commonly present in the stratified 


deposits of manganese oxides and in some of the vein deposits in nearby 
areas 


The hypothesis set forth above interprets a genetic relation of veins of 
hypogene oxides of manganese to the oxides deposited in travertine aprons 
lear recent and active hot springs and to the beds of oxides largely found in 
late Tertiary sediments. To this hypothesis, it is interesting but probably 
premature, to speculate concerning the mineralogy and general character of 
the downward extension of the veins of manganese oxides. Veins that con- 
tain abundant rhodonite and rhodochrosite are distributed widely but sporadi- 
cally throughout the Rocky Mountains and Great Basin; the greatest con- 
centration is found in the San Juan region of southwest Colorado but they 
are known at Butte, Montana, and in several districts in Nevada, Utah. Ari- 


zona and New Mexico \ preliminary review of the literature concerning 


the ore deposits of southwest Colorado indicates that many contain consider- 
able rhodonite or rhodochrosite that generally follow the deposition of the 
common sulphides of copper, lead, zine and silver and the less common 
sulpharsenides and sulphantimonides of copper and silver with the gangue 
minerals, quartz and barite \lso, in many districts some of the veins con- 
tain small amounts of late barite, fluorite and huebnerite. As noted above. 


1e veins of hypogene oxides of manganese widely contain from 0.20 to 3 
t ~ 


percent tungsten and le; nd small amounts of late barite and fluorite 


Further, those who have studied the mining districts of southwest Colorado 
seem to agree that the age of the wide spread sulphide-bearing veins 18 post 
Miocene( Pliocene ?), which is that to which the veins of manganese oxides 
are assigned. The possible relation of the two groups of veins is in process 
of further study. 
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ABSTRACT (PART 1) 


Between 1952 and 1956 a study was made of some of the uranium 
bearing hydrothermal veins in the northern part of the Boulder batholith, 
Montana. Three mines, the W. Wiison, G. Washington, and Free Enter- 
prise, were investigated in detail. The veins are characterized by a micro 
crystalline quartz gangue containing sparsely scattered, very fine-grained 
sulfide minerals and uraninite \bove the present water table, secondary 


uranium minerals are abundant locally. Throughout the area the veins 


strike east to northeast, are of steep dip, and 
vary in thickness from a fraction of an inch to several feet. 
lhe country rock is granodiorite containing, in order of abundance, 


plagioclase (Anw to Ans), quartz, orthoclase, biotite, and hornblende. 


—called “siliceous reefs” 


1 Contribution No. 58-87 from ollege of Mineral Industries, The Pennsylvania State 
niversity, University Park, Pa ‘ortions of this paper (chiefly Part II: The Veins. by 
. H. Bieler and H. D. Wright) appear as part of the Ph.D dissertation of Barrie H. Bieler 
Primary Uranium Mineralization in Some Hydrothermal Vein Deposits in the Boulder 
Batholith, Montana,” The Pennsylvania State I niversity, 1955 
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with apatite, zircon and sphene. Small bodies of aplite, pegmatite, and 
alaskite occur along some veins. 

The granodiorite adjacent to the veins is rather strongly altered. The 
alteration is similar throughout all of the deposits studied, in barren and 
ore-hearing portions alike lhe essential minerals show a characteristic 
sequence of alteration, in the order hornblende, andesine, biotite, ortho 
clase, and quartz. Successive zones of alteration are characterized, from 
the vein outward, by maximum development of sericite (muscovite poly 
type 1M, in part), kaolinite, and montmorillonite. Other alteration prod 
ucts are quartz, pyrite, calcite, leucoxene, and chlorite. The alteration 
resulted in an increase in silica and ferric iron, a decrease in alumina. 
total iron, ferrous iron, lime, soda, and magnesia, and little change in 
potash, titania, phosphorus, carbon dioxide, and sulfur. Consideration of 
the stability fields of the sheet structure silicate minerals indicate little 
basis for interpretation of the temperatures prevailing during mineraliza 
tion. 


INTRODUCTION 


BEGINNING in 1949, a number of uranium occurrences were discovered in 
the Boulder batholith region of southwestern Montana. Many individual 
prospectors and a number of small mining companies were active, and mod- 
erately extensive mapping and drilling programs were conducted by geologists 
of the U. S. Atomic Energy Commission and the U. S. Geological Survey. 
The large number of occurrences together with the richness of scattered small 
pods of secondary ore discovered along several veins near the surface, en- 
couraged the hope that sub-surface exploration would reveal some large 


pitchblende concentrations. After six years of fairly intensive exploration, 
no major orebody had been found. Production of an occasional car of ore 
from several of the deposits had, however, stimulated sufficient underground 
development to provide an opportunity for detailed study of one of the few 
vein uranium localities in the United States. 


The deposits have been classified in two general groups by geologists of 
the U. S. Atomic Energy Commission and the U. S Geological Survey: (1) 
“siliceous reefs” containing sparse, finely crystallized sulfides of the base 
metals and silver together with some uraninite, in a matrix of micri crystalline 
quartz; and (2) “base metal” veins, characterized by more abundant and 
coarser base metal and silver sulfides with uraninite in a gangue of mega- 
crystalline and microcrystalline quartz. The two groups of veins differ 
chiefly in percentage mineral composition and texture of the ore, rather than 
in the mineral and element assemblages composing them 

Since 1952, detailed laboratory studies of these deposits have been con- 
ducted at The Pennsylvania State University under contracts with the Division 
of Raw Materials and the Division of Research of the U. S. Atomic Energy 
Commission. Earlier papers (34, 6, 33, 32) have dealt with the uranium 
mineralization and rock alteration in the Lone Eagle mine, the only deposit of 
the “base metal” group accessible for study; the secondary uranium mineral 
ization in the “siliceous reef” deposits ; and the genetic relations! ips of the two 
groups of uraniferous deposits. The present paper is concerned with the veins 
and the rock alteration in the “siliceous reef” group of deposits. 
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Three deposits of the “siliceous reef” type, all in the northeast portion of 
the Boulder batholith (Fig. 1), were mapped and numerous other mines and 
small prospects were visited between 1952 and 1954. The elevation of the 
land surface in this area varies from about 4,000 to 7.500 feet above sea level 
and most of the uraniferous deposits lie at elevations of about 4,000 to 5,000 
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feet (Fig. 1). The three mines studied in detail are the W. Wilson, G. 
Washington, and Free Enterprise. A study of the primary mineralization in 
a deposit of the “base metal” type, the Lone Eagle Mine, has been reported 
previously (34). 

Past Work.—After the early work of Weed (29) and Weed and Barrell 
(31) on the batholith in general and some of its ore deposits, a series of ex- 
tensive petrologic studies were conducted py Knopf (11), Billingsley and 
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Grimes (4), and Pardee and Schrader (16). A recent paper by Knopf (12) 
summarizes his present views on the origin and composite nature of the bath 
olith. Following the discovery of widespread radioactivity in deposits of 
the batholith, a number of papers concerned with the uranium-bearing 
deposits, especially their field aspects, have appeared (26, 27, 10, 19, 20, 1, 
2, 14) secraft (3) has published a summary of his studies of the uranifer 
ous veins in the batholith 


THE URANIUM-BEARING VEINS 


“Stliceous Reef” Deposits.—These deposits are so named because generally 
95 percent or more of their volume is quartz. Other minerals identified are 
pyrite, sphalerite, galena, uraninite, tetrahedrite, argentite, chalcopyrite and 
covellite. All of the minerals in the “siliceous reefs” are fine-grained. The 
quartz is in equant, interlocking, anhedral crystals having a diameter of about 
1 to 50 microns, and generally within 3 to 20 microns. Included in these 
quartz grains and lodged between them are scattered anhedral crystals of 
opaque minerals ranging in diameter generally from less than one to about 
10 microns, and rarely to one millimeter. Their abundance varies from trace 
amounts to approximately one-fourth of the volume of the vein material. The 
average volume percentage is estimated to be on the order of 1 percent; con 
centrations of over 5 percent are rare. 

Fragments of wall-rock quartz commonly are scattered through the veins: 
insignificant amounts of comb quartz occur locally. It occurs in euhedral 
to anhedral crystals, some with phantoms, lining fractures in the fine-grained 
quartz. These crystals range from about 50 microns to 2 millimeters in 
diameter. 

All of the “siliceous reef” veins studied in the underground workings show 
marked variability in thickness, continuity, and color. A few of the more 
massive veins are 2 to 3 feet thick, but a number are } inch or less in thick 
ness. In seme locations, the veins forming the “reefs” are in braided or 
en echelon patterns. Commonly, two or more siliceous veins are present in 
a “reef” and cross-cutting relationships are evident, with the lighter veins 
generally cut by darker ones. The veins strike north to northeast and dip 
steeply, generally 85° or more. 

“Base Metal” Deposits —Study of the “base metal” type veins was limited 
by the inaccessibility of the old mines that comprise the preponderance of this 
group. New development in the recently reopened Lone Eagle mine pre 
sented an opportunity for detailed study of one uraniferous “base metal” 
deposit. It contrasts with the “siliceous reefs” in having greater amounts of 
base metal sulfide minerals, and in the larger crystal size of the sulfides and 
much of the vein quartz. Crystals of pyrite and galena ranging to nearly a 


centimeter in diameter are readily recognized in the mine and dump specimens 


FIELD STUDY 


Most of the field work was conducted during the summers of 1952 and 
1953. The authors returned for several weeks during the summer of 1954, 
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when uranium prospecting and mining in the batholith had begun to decline. 
The veins in the four mines selected for detailed study were mapped on 1: 240 
base maps supplied by the Butte sub-office of the Raw Materials Division, 
U. S. Atomic Energy Commission. Special attention was given to the color 
and texture of the siliceous veins, and to structural relationships of the several 
color varieties of the siliceous filling. Five values of the gray scale, white, 
light gray, medium gray, dark gray, and black were selected as standards for 
a field color chart. All mapping was conducted using this standard chart for 
reference. Locally, some veins range through shades of tan to brown, ap- 
parently due to limonite stain. 

Following the detailed mapping, the radioactivity of the veins was surveyed 
with a beta-gamma counter. Samples of the veins were taken representing 
all levels of radioactivity, and all significant changes in vein mineralogy, color 
and texture encountered. 

A brief description of the three “siliceous reef” deposits mapped and 
sampled in detail is given below (Fig. 1). 


THE DEPOSITS 


W. Wilson Mine.—This mine, the largest of several small producers in 
the batholith, is located on a ridge about one mile southwest of the Alhambra 
Hot Springs, about 15 miles south of Helena on highway U. S. 91. The ore 
deposit was first developed in two surface trenches (20). An adit was cut 
into the ridge 125 feet below the trenches, and drifts were driven westward on 
two vein systems. A raise was cut to join the northernmost of the drifts 
with the surface trenches. Most of the ore was mined from a set of inter- 
mediate levels and stopes between the northern drift and the surface trenches. 
The workings are above the present water table. Later, an old adit called 
the “President,” about 250 feet below the surface trenches, was extended to 
intersection with the W. Wilson vein system below the water table. A small 
amount of unoxidized uraninite ore was reportedly found (J. Marchi, written 
communication ). 

The veins of the W. Wilson mine are enclosed by granodiorite typical of 
the northern part of the batholith (Table 1). Small dikes of pegmatite and 
aplite are sparsely scattered through the mine, and a few cf them contain minor 
amounts of pyrite and molybdenite. 

The veins are simple in gross structure but complex in detail. On the 
main adit (125 foot) level the two vein systems strike northeast, are roughly 
parallel, and are about 70 feet apart. Both are one to four inches wide and 
consist largely of light to medium gray microcrystalline quartz transected in 
many places by thin veinlets of a still finer-grained dark gray to black quartz. 
An ochre-colored opal occurs in several fracture fillings in the quartz veins. 
At several locations a striking mosaic texture is observed, with breccia frag- 
ments of lighter quartz cemented by the later dark gray to black quartz. 

Followed upward into the intermediate levels and stopes, the vein system 
becomes a complex of anastomosing veinlets occupying a thickness of a foot 
or more. Near the surface trenches the major vein structure branches into 
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two parts. Stoping along the rich ore near the intersection was extended 
upward to intersect the surface trenches. 

A prominent fault zone offsets both vein systems on the adit level. 
Smaller faults with displacements of several inches or less are commonly seen. 

The distribution of radioactivity along the W. Wilson veins is extremely 
spotty. In many places, stronger activity was noted in the dark gray and 
black quartz than in the lighter shades. In the upper levels much of the 
activity is due to secondary uranium minerals, and the field counts gave little 
information on the distribution of primary radioactive minerals there. Radio 
activity in the veins varies from 0.05 to 10.0 mr/hr, with a background of 
0.05 to 1.7 mr/hr. The average of 443 measurements along the main veins 
was 0.80 mr/hr. 

G. Washington Mine.—This mine is located on a high northeast trending 
ridge about a mile north of the W. Wilson workings and a mile south of 
Clancy Creek. Radioactivity was first discovered in test pits along a “silice- 
ous reef” near the top of the ridge, and an adit was cut from a point on the 
south slope to intersect the reef structure. Drifts were driven eastward and 
westward over a total length of about 280 feet. All workings are above the 
present water table. 

The granodiorite country rock is similar to that in the W. Wilson mine, 
but aplite dikes are notably more abundant in the walls of the G. Washington 
veins. At places the vein complex follows a series of thin, irregular aplite 
bodies. Ochre-colored opal is more abundant here than in the W. Wilson 
mine and fills fractures in wall rock, aplite, and quartz veins. In the west 
drift a four-inch vein contains chiefly medium gray and tan to brown quartz, 
fractured and cemented by stringers of dark gray quartz. A coal black 
quartz containing visible blebs of uraninite—rarely observed in the “siliceous 
reefs’’—is present as a cement or fracture filling of later origin than the quartz 
of gray and brown shades. 

The radiometric survey again showed very irregularly distributed activity. 
Background varied from 0.07 to 0.4 mr/hr, and 20 vein measurements in the 
east drift averaged 0.83 mr/hr; 35 measurements in the west drift averaged 
1.1 mr/hr. 

Free Enterprise Mine—The mine is located on a gently sloping hillside 
about two miles west of Boulder, Montana (Fig. 1), and about 16 miles 
south of the W. Wilson mine. Exploration consisted of drifting on levels 
80, 100, and 140 feet below the surface. The 140-foot level lies below the 
present water table. The drifts are 200 to 300 feet long and are accessible 
by a vertical shaft. In general the vein structure in the Free Enterprise mine 
is simple, with little branching and very minor faulting. 

The wall rock in the eastern end of the drift on the 140-foot level is largely 
alaskite or kalisyenite with associated pegmatite and aplite. In this level the 
veins are chiefly fine-grained medium gray quartz, two to six inches thick, 
with scattered veinlets of light gray and black quartz. Veinlets of ochre 
colored opal transect the quartz veins in a few places. Twenty-two beta- 
gamma counts along veins in this level averaged 0.5 mr/hr, as compared with 
an average background of 0.7 mr/hr. The unusually high background, as 
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well as a large part of the activity represented by the counts obtained next 
to veins, is believed to be due to a radon accumulation in the lower level, which 
would affect the counter more strongly at the center of the drift than when 
placed next the wall. 

The most massive vein structure is exposed in the 100-foot level and the 
highest local radioactivity in the mine is observed here (although certain 
sections of the 80-foot level, now timbered, are reported to have been “hot- 
ter”). Near the shaft, brownish gray quartz veins are cut by irregular pod- 
like veinlets of a shiny black material, which in thin section appears to be 
a mixture of very fine-grained quartz and opal with abundant extremely 
small sulfide grains. The thicker veins, 3 to 6 inches wide, are commonly 
dark gray and contain scattered grains of pyrite and galena up to a few 
millimeters in diameter. Forty-four beta-gamma counts along veins on this 
level averaged 0.6 mr/hr, only slightly higher than the average background 
of 0.5 mr/hr. 

Timbering on the 80-foot level, source of most of the small amount of ore 
mined, conceals most of the rock exposures. Visible parts of the vein vary 
in thickness to a maximum of 14 inches, and range in color from light to dark 
gray. The average of 24 radiometric measurements along the veins on this 
level was 0.9 mr/hr, with an average background of 0.65 mr/hr. 


Conclusions from Field Study 


An interpretation of the paragenesis of the fine-grained quartz and opal 
veins can be made from structural and textural relationships observed in the 
field. In the mines mapped in detail a considerable number of the light to 
medium gray quartz veins show poorly defined walls, with vein quartz pass- 
ing more or less continuously into the replacement quartz that impregnated 
the walls during silicification, the final stage of wall rock alteration. The 
relationship is even more strikingly observed in thin sections cut from border 
zones and suggests strongly that deposition of the massive, light shades of 
fine grained quartz overlapped, in time, the silicification of the walls Sharp 
contacts in other places indicate that some of the light to medium gray quartz 
filled fractures after silicification of the walls had been essentially completed. 
Even here, a close relationship is indicated by the similarity in color and 
grain size of the quartz. A period of widespread fracturing separated the 
deposition of this quartz from the succeeding stages, represented by local 
deposition of dark gray and black, pyritic fine-grained quartz. Finally, after 
another interval of fracturing, there followed a very local and sparse deposi 
tion of black and ochre opal in the Free Enterprise mine, and ochre opal in the 
W. Wilson and G. Washington mines. 

The origin of the ochre opal is uncertain. It may represent either a late 
stage of hydrothermal mineralization or deposition from groundwater solu- 
tions. In the final paragenetic stage, secondary uranium minerals, limonite, 
hyalite opal, and aragonite were deposited in recent fractures by circulating 
groundwater 

Relationships between radioactivity and vein quartz color were sought 
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throughout the field work. The attempt was hampered by the fine scale 
quartz textures and the inadequate precision of the field beta-gamma counts. 
In general, higher radioactivity was found in the darker shades of vein quartz, 
although some of the darkest showed no abnormal activity. The light to 
medium gray shades rarely showed appreciable activity. 

The field studies thus revealed a fairly complex sequence of deposition 
of vari-colored fine-grained quartz, and higher radioactivity could be corre- 
lated roughly with darker coloring of the vein quartz. The problems of the 
nature of the coloring, the source and distribution of the radioactivity and 
the nature of the radioactive minerals, and the observed association of quartz 
color and radioactivity prompted detailed laboratory studies of the primary 
vein material. 


ROCK TYPES 


The prevailing rock of the Boulder batholith is a coarse granitic rock com- 
posed of plagioclase, quartz, orthoclase, biotite, and hornblende, named in de- 
creasing order of abundance. Point count modal analyses of three thin sec- 
tions from the northeastern part of the batholith are shown in Table 1. For 
comparison, three “modal” analyses, calculated from chemical composition 
data, are presented as given by Weed (29, p. 744, 747) and Knopf (11, p. 31). 
The modal composition of the intrusive rock at Elkhorn, as estimated by 
Barrell (31, p. 538), is also shown. 

From the modal data it is evident that the rock in the vicinity of the three 
mines listed in Table 1 is a biotite granodiorite. Texturally, these rocks are 
nearly holocrystalline and vary from hypautomorphic inequigranular to nearly 
porphyritic, with grains ranging in diameter from 4 to 5 mm. Subhedral 
biotite flakes and associated subhedral to anhedral crystals of hornblende are 
generally from } to 2 mm in diameter. Anhedral orthoclase and quartz 
crystals range from 4 to 3 mm across, and plagioclase occurs as euhedral to 
subhedral laths varying from 1 to 5 mm in length. The plagioclase shows 
albite twinning and conspicuous zoning. In the W. Wilson and G. Wash- 
ington samples the average composition of the plagioclase was found to be 
An,, and An,,, respectively, with a range of about An,, ,,.. These composi- 
tions were determined by the X-ray and optical methods of Tuttle (1952). 
sy a similar X-ray method (5) the composition of the orthoclase from the 
President adit of the W. Wilson deposit, and the G. Washington mine (Table 
1) was found to be ’r.,Ab.,, and Or., Ab... respectively. 

Aplite and pegmatite, in small dikes and irregular pods, are common in 
the three mines. Three varieties of these rocks were observed: (1) fine- 
grained equigranular aplite in dikes and irregular bodies, (2) a coarser facies 
of this aplite grading into pegmatite with quartz and orthoclase crystals 2 
to 3.cm across, and (3) a kalisvenite or alaskite containing 50 percent or more 
orthoclase with quartz as the only other constituent. 

The aplites are equigranular and some show graphic texture Nearly all 
f the pegmatitic material observed grades downward in grain size to that 
# aplite near the contact with granodiorite ; however, the aplite proper shows 
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no decrease in grain size at similar wall rock contacts. The granodiorite wall 
rock adjacent to aplite and pegmatite shows little or no alteration in contrast 
to the rock adjoining the siliceous veins. Some of the dikes contain local 
concentrations of pyrite and molybdenite. 

The alaskite is found only in the Free Enterprise mine. The orthoclase 
grains in this rock are subhedral to anhedral and range from 1 to 3 mm in 
diameter. Interstitial anhedral quartz grains, }~} mm across, vary in amount 
from almost zero to about 50 percent of the rock. The average quartz con- 
tent, estimated from thin sections, is about 15 percent. 


ROCK ALTERATION 


The envelope of altered rock enclosing the “siliceous reef” veins of the 
W. Wilson, G. Washington, and Free Enterprise mines is similar through- 
out in extent and general appearance. Laboratory studies revealed that the 
alteration mineral suites and the zoning are essentially identical along all 
veins in these three mines. ‘ihe larger veins of the “base metal” type de- 
posit at the Lone Eagle mine are accompanied by correspondingly wider 
alteration envelopes, and the outer zones are not satisfactorily exposed by 
the mine workings. Within this limitation, the alteration at the Lone Eagle 
mine was found to be similar to that in the three “siliceous reef” mines 
(Wright and Shulhof, 1957). The discussion below applies entirely to the 
“siliceous reefs.” 

In addition to the hydrothermal alteration in all of these near-surface 
deposits there is some alteration attributable to weathering. The effects of 
weathering can be observed in crosscuts exposing the wall rock outside the 
hydrothermal alteration envelope. The feldspars are argillized to some degree 
and biotite in some places has been bleached. These effects are much less 


pronounced than those observed in the vicinity of veins, and the supergene 
processes appear to have had little effect on the hydrothermally altered rock 


Mapping and Sampling 


Most of the detailed study of alteration along the “siliceous reefs’? was 
done on the W. Wilson mine. During the summer of 1952 a series of 14 
continuous section samples were taken across veins in the W. Wilson deposit, 
chiefly in those few places where the presence of moderately fresh biotite in 
the walls indicated an appreciable range of alteration intensity available for 
sampling. Sub-samples were taken at intervals of about 0.1 to 1.0 foot, the 


] 


interval increasing with distance from the vein. Similar section samples were 


collected at three locations in the G. Washington mine and five in the Free 

Enterprise mine 
During the following winter, 1952-53, studies were made of the alteration 
minerals in each sample in about half of the sections collected. A consistent 


Was Tout 


distribution of the major alteration minerals 
1 respect to distan nthe vein. Adjacent to the vein is a narrow zone 
of strong silicification, an inch to several inches wide, which is succeeded by a 


discontinuous zone up to a foot across characterized by abundant sericite 
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Outside the sericite-rich rock is a kaolinite-rich zone one to four feet wide 
which grades, with increasing distance from the vein, into a montmorillonite- 
rich zone of generally indeterminate width. The outer portion of the mont- 
morillonite zone grades into more or less fresh granodiorite. 

The major rock minerals were found to vary greatly in their stability in 
presence of the hydrothermal fluids. The minerals in order of decreasing ease 
of breakdown, as evidenced by degree of alteration with distance from the 
vein, are hornblende, plagioclase, biotite, orthoclase, and quartz. 

To aid in obtaining a better picture of the spatial relations of the altera- 
tion zones, their continuity, relative development, and behavior with varying 
strength of the vein, it was planned to map in detail the alteration in the W. 
Wilson mine during the summer of 1953. Criteria for quick field recognition 
of alteration zones based on distribution of the alteration minerals could not 
be found. The sericitic zone rarely could be distinguished by eye from the 
argillic zones, and sight discrimination of the kaolinite-rich and montmoril- 
lonite-rich zones proved impossible. This is due in part to the gradual 
change in concentration of the sheet-structure silicates with distance from 
the vein. Kaolinite, for example, extends veinward well into the sericitic 
zone, in ever decreasing amounts, and sericite may penetrate the kaolinite- 
rich zone similarly. 

In the absence of suitable mapping criteria based on alteration minerals, an 
attempt was made to use zones defined by relative stability of the primary 
rock minerals—their persistence with approach to the vein. The point where 
biotite could no longer be recognized was readily identifiable, but the feldspars 
were unsatisfactory for this purpose. Hornblende was present in too small 
amount to be useful, and quartz persisted to the vein. The alteration was 
eventually mapped on the basis of the biotite boundary (outermost), com- 
bined with a recognizable boundary between silicified and non-silicified wall 
rock, and a boundary (innermost) at obliteration of primary rock texture as 
the vein is approached. These three generally usable boundaries enabled the 
mapping of the following four zones, in order of increasing intensity : 

(1) Somewhat altered rock with primary texture preserved, biotite fresh 
to somewhat altered, and plagioclase considerably argillized. 

2) Rather soft rock with primary texture preserved but with biotite and 
plagioclase totally replaced. 

(3) Hard rock with primary texture preserved and light to strong silici- 
fication. The boundary of this zone is very irregular. 

(4) Soft rock with primary texture obliterated, some orthoclase strongly 
altered, quartz slightly altered, and no remnant of plagioclase and biotite 
pseudomorphs. 

The map showing the distribution of these alteration zones in the W. 
Wilson mine is reproduced in Plate 1 of RM E-3095, AEC, by Wright et al. 
Zones 1, 2, and 4 were found to be generally parallel to vein boundaries, and 
a rough correlation of width of alteration envelope with vein width was noted 
in the case of zones 1 and 2. By contrast, the silicification boundary is ex- 
tremely irregular. It repeatedly crosses the boundary at disappearance of 
primary texture, but never the biotite boundary, lying always inside the latter 


| 
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Although the mapping aided in obtaining an overall picture of the altera 
tion, the laboratory studies provided most of the information on relative 
stability of the primary minerals, the alteration minerals formed, and the 
changes effected in chemical composition as the alteration progressed. 


The Alteration Minerals 


The alteration minerals of the three “reef” deposits are chlorite, montmoril- 
lonite, kaolinite, sericite, quartz, leucoxene, calcite, and pyrite. All of the 
identifications were made by X-ray diffraction. The identitiy of kaolinite 
and montmorillonite was confirmed by differential thermal analysis. Elec 
tron microscope observations of several dozen specimens revealed clay par- 
ticles of three characteristic shapes: (1) subhedral to euhedral hexagonal 
plates characteristic of kaolinite, (2) thin lath-shaped flakes resembling seri 
cite, and (3) formless shreds interpreted as montmorillonite. Except for 
montmorillonite all of the alteration minerals were found to be generally 
recognizable in thin sections, and direct replacement of primary minerals, 
especially in the less severely altered rock of zones 1 and 2, was observed in 
many cases. 


The term “sericite” as used here refers simply to fine-grained muscovite. 
X-ray diffractometer patterns of the clays elutriated from several dozen wall 
rock samples containing sericite were examined for evidence as to the 
polytypes represented, using the diagnostic reflections tabulated by Yoder and 
Eugster (36). Most of the patterns revealed no diagnostic reflections of the 
four polytypes, 2M,, 1M, 1Mg, and 3T, due either to the small quantity of 


muscovite present or to interfering reflections from feldspars and other min- 
erals. The 1M polytype was found to be present in about one-fourth of the 
samples, including some from the Free Enterprise mine in addition to the W. 
Wilson. The identification was based on weak but distinct reflections at 20 
values of about 24.3° and 29.1° (CuKeg radiation). 


Relation of Alteration Minerals to Primary Minerals 


Study of over 150 thin sections provided information on the sequence of 
breakdown of the primary rock minerals and the alteration products formed 
from them. Approaching the vein from fresh rock, the first minerals to 
undergo complete destruction are hornblende (rarely present), then plagio 
clase and biotite essentially together, followed by orthoclase (which persists 
to the vein in some places Primary quartz did not disappear completely 
from even the most strongly altered rock. 

Plagioclase—Near the margin of the envelope (generally three to six 
feet from the vein), the calcic core (about An,,) of andesine crystals is re- 
placed by kaolinite and sericite. Montmorillonite probably is more abundant 
than these but could not be definitely identified in thin section. As the altera 
tion proceeded, sericite spread along cleavage and twin planes, the resulting 
boxwork being filled in either by additional sericite or kaolinite. These 
pseudomorphs show sericite and kaolinite in all proportions, and lose their 
identity in zone 4 adjacent to the vein 
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Biotite —Near the outer limit of alteration, fringes of chlorite and sericite 
developed about biotite plates and along basal planes in the host, accompanied 
by grains of iron oxide. Inward from the margin, chlorite gave way to seri- 
cite which replaced directly remnants of original biotite in the pseudomorph. 
Biotite, along with plagioclase, loses its identitiy in Zone 1 and never is seen 
within three feet of the main veins, although pseudomorphs may persist nearly 
to the vein wall. 

Orthoclase—Orthoclase was not appreciably altered until nearly all of the 
plagioclase and biotite had been completely modified, and extensive alteration 
of orthoclase is confined to rock within one or two feet of the main veins. 
The alteration tends to be spotty, almost totally altered grains occurring 
adjacent to nearly fresh crystals in severely altered rock next to the vein. 
Sericite and kaolinite developed along cleavage planes of orthoclase and out- 
ward from vacuoles and inclusions. In contrast to plagioclase, orthoclase 
crystals were replaced by sericite and kaolinite in about equal degree. Micro- 
crystalline quartz (“silicification”) is an abundant alteration product in ortho- 
clase within a few inches of veins. 

Quartz.—Quartz rarely shows replacement by the sheet-structure sili- 
cates, but within about one foot of the main veins microcrystalline quartz is 
observed in grain borders and replacement textures. Except for scattered 
remnants of orthoclase, quartz is the only essential wall rock mineral re- 
maining in rock adjacent to veins. 

Accessory Minerals.—The accessory minerals are relatively stable. Nearly 
fresh apatite and zircon are observed in the clay matrix near the vein. Leu- 
coxene, commonly present near veins, probably formed from sphene and 
ilmenite. 


Relation of Major Alteration Minerals to Vein Position 


The distribution of the three sheet structure alteration minerals—sericite, 
kaolinite, montmorillonite—with respect to distance from the adjacent vein 
was studied with the aid of X-ray diffractometer patterns of elutriated clay 
concentrates. Changes in relative concentration of each of the three sheet 
structure minerals were studied by plotting “high,” “moderate,” “low,” and 
“trace” amounts, representing arbitrary ranges of intensity of the basal re- 
flection, against distance outward from a vein. It was not considered feasible 
to estimate the relative abundance of the three minerals in a given sample. 
The patterns were used as a means of comparing the amount of a given mineral 
in successive sub-samples along continuous sections outward from veins. 

A characteristic distribution pattern was found in all three “reef” deposits. 
Sericite is present in maximum amount adjacent to the vein and decreases 
outward, although generally persisting in small amount to nearly the outer 
limit of the alteration envelope. Kaolinite, although always present in rock 
next to veins, increases outward to a maximum about one foot from main 
veins and diminishes beyond, although continuing nearly to fresh rock. Mont 
morillonite, on the other hand, is absent in rock adjacent to main veins, makes 
its first appearance one to two feet outward, and increases in amount to the 
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limit of the section, generally the wall of the drift, so that the distance of the 
peak concentration from the vein could not be determined. 


Chemical Changes During Alteration 


A group of seven altered rock samples was submitted for analysis to 
Ledoux and Company, Teaneck, N. J. The samples were taken along a 
section extending outward to nearly fresh rock from a large vein on the 125- 
foot level of the W. Wilson mine. The section was se|ected as typical of the 
mineralogical changes, described above, found generally in the alteration 
envelope at the W. Wilson mine. The results of the analyses are shown in 
Table 2. 


rABLE 2 


CHEMICAL ANALYSES OF SAMPLES ACROSS ALTERATION ENVELOPE 
ABOUT A VEIN IN THE W. WILson MINE 


Sample number... 1876 1877 1878 1880 | 1882 1883 2615 
Distance from ' 
vein (feet) : 0.5 0.7 1.1 | 2.2 2.8 3.2 Fresh rock* 
SiO: 76.85 72.75 70.56 59.86 68.19 62.50 69.13 
AlyOn 13.50 14.59 15.06 22.30 14.80 18.90 | 15.15 
FeO 0.69 1.29 1.76 1.74 2.36 1.99 | 0.20 
FeO 0.10 0.13 O17 0.14 0.27 0.27 | 1.74 
MgO 0.89 0.80 0.82 0.87 1.38 | 1.41 1.94 
CaO 0.09 O11 0.07 1.21 1.10 1.63 2.74 
Na:O 0.58 0.63 0.71 224 | 267 | 293 2.83 
Kx 2.66 3.80 4.24 3.80 387 2.95 449 
TiO>s 0.68 0.56 0.68 0.64 | 0.84 1.08 0.48 
CO; 0.31 014 0.10 0.12 0.13 | 0.20 0.35 
Ss } 0.02 0.27 0.30 Trace 0.12 0.07 0.32 
P)s 0.04 0.08 0.06 0.10 0.08 | O11 | 0.08 
HO 0.53 0.40 048 | 2.00 1.22 2.10 | 0.18 
3.84 5.05 5.36 7.10 407 631 | O81 
Total 100.78 100.60 100.37 102.12 101.10 102.45 100 44 
* Fresh rock was not available near this sample section. Sample No. 2615 was taken elsewhere 


on tne adit level 
Analyses by Ledoux and Co., Teaneck, New Jersey. 


Silica shows an initial irregular decrease veinward, followed by a steady 
increase. The maximum amount in the sample next to the vein is consid 
erably greater than the silica content of the fresh rock, reflecting the silicifica 
tion of rock within one to two feet of the vein as noted above. The effect is 
visible in thin sections, which show abundant impregnation of the argillized 
granodiorite by microcrystalline quartz near the vein contact. 

The trend of alumina is directly opposite to that of silica, with amounts 
in the outer zones increasing toward the vein, reaching a maximum about 
two feet from the vein wall and then decreasing veinward to a minimum 
slightly below the content in the fresh rock. Total iron shows a progressive 
decrease from fresh rock to the vein, the predominantly ferrous state in fresh 


rock becoming predominantly ferric throughout the altered rock. 


- 
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Lime and soda were steadily leached with progressive alteration. The 
process affected rock several feet from the vein, and was most pronounced 
about one to two feet from the vein, resulting in removal of all but one fourth 
of the original soda and one thirtieth of the original lime in samples within 
one foot of the vein. This is reflected in the thin sections by strong early 
alteration of andesine, chiefly to kaolinite, together with the absence of altera- 
tion minerals containing calcium and sodium. Magnesia shows a very regular 
but less pronounced decrease veinward, with approximately half of the original 
amount remaining adjacent to the vein. Its partial retention in the altered 
rock, after initial breakdown of biotite, is evidenced by the X-ray diffrac 
tometer data showing montmorillonite in progressively smaller amounts ap- 
proaching the vein. 

Potash, in contrast with others of the alkali and alkaline earth group, 
shows very slight increases (neglecting the progressive decrease in density 
of the altered rock) from the outer margin inward to about one foot from 
the vein, but a decrease from one foot to the vein. The increased amounts 
of sericite next to the vein might suggest a rise there rather than the drop as 
found in the analyses. However, the stability of orthoclase throughout most 
of the alteration envelope was noted in thin section studies, paralleling the 
slight apparent increase in potash content inward to one foot from the vein 
In the narrow zone of orthoclase instability next to the vein, the sericite 
formed apparently was inadequate to account for all of the leached potash, 
some of which escaped into the vein where some sericite is found intermixed 
with microcrystalline quartz. 

Titanium, phosphorus, carbon dioxide, and sulfur showed no pronounced 
changes. 

The changes described were interpreted directly from the weight per 
centages reported. If an assumption of constant volume—considered ques- 
tionable by some workers—were valid, as indicated by a lack of noticeable 
fracturing or slumping, the percentage analyses would need to be converted 
to weight per unit volume for direct quantitative comparison. The qualitative 
trends noted are considered too strong to be appreciably affected by changes 
in bulk density, with the exception of the slight veinward increase in potash 
which might be reversed if bulk density corrections were made. 


Temperature of Formation 


In the light of recent experimental studies the stability fields of the clays 
appear to cover too broad a temperature range to permit significant deduc- 
tions as to the temperatures prevailing in the vein walls during alteration. 
Of the three alteration minerals, muscovite (sericite), kaolinite, and mont- 
morillonite, the latter has usually been considered to have the lowest maximum 
temperature of stability, supposedly around 300° C (25), although experi- 
mental data until recently had been meagre. Roy and Roy (21, p. 161) have 
shown that montmorillonite containing MgO and Al,O, in equal mole ratio 
is stable to 480° C, although pure Mg montmorillonite inverts to tale at 
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Roy and Osborn (1955, p. 861) found the upper limit of stability of kao- 
linite to be about 405° C. The stability fields of both kaolinite and mont- 
morillonite extend to atmospheric temperatures (22, p. 130). Kerr (9, p. 
529) states that “kaolinite could form from the alteration of feldspar under 
supergene conditions given adequate time with acid conditions.” 

Yoder and Eugster (36) found that sluggish transformations of mus- 
covite polymorphs occurred in the order 1Md to 1M to 2M with increasing 
temperature. The upper limit of stability was found to be 625° C at 5,000 
psi water vapor pressure, the temperature increasing with greater pressure. 
Although the lowest temperature at which they reported synthesis of mus- 
covite was 200° C, they point out that muscovite apparently can form in soils 
and sediments by reconstruction of montmorillonite and kaolinite. 

The association of kaolinite and montmorillonite in much of the altered 
rock at the W. Wilson mine has been mentioned; both clays are present 
throughout most of the rock in the kaolinite-rich and montmorillonite-rich 
zones. Although the formation of kaolinite has generally been considered to 
be favored by acid conditions, and montmorillonite by alkaline, Roy and Roy 
(21, p. 154) observed the formation of kaolinite and montmorillonite together 
in a number of runs under conditions apparently close to neutral pH 

Except for a maximum temperature of about 400° C, indicated by the 
upper limit of stability of kaolinite, inferences as to temperature of formation 
of the alteration mineral assemblage do not appear to be justified by the avail- 
able data on stability of the clays. The discontinuous nature of the sericite 
zone adjoining the veins of the W. Wilson deposit, with sericite apparently 
missing entirely in many places, and kaolinite persisting inward to the vein, 
may possibly reflect a fluctuation of temperature along the veins, above and 
below a minimum required for formation of muscovite in this environment 
The strong attack on orthoclase in rock within one foot of the vein apparently 
released considerable amounts of potash, and the absence of muscovite next 
to the vein in many places suggests the possibility that the temperature in 
such places did not reach a required minimum, perhaps below 200° C. The 
temperature of the rock along the veins may have varied over a narrow range 
above and below this minimum. Any such interpretation is tenuous in the 
absence of experimental data in the temperature range below 200° C. 


Relationship of Alteration to Ore 


An attempt was made to determine whether any alteration features were 
characteristic of uraniferous portions of the “reefs” and hence might be 
useful in exploration. A careful comparison of mineralogical data obtained 
from sections across the alteration envelope at widely separated uraniferous 
and nonuraniferous locations in the W. Wilson deposit failed to reveal any 
difference whatever in degree and extent of alteration or in the alteration 
mineral assemblage. 

This result was not unexpected. The light-colored micro-crystalline vein 
quartz appears to be closely related to the silicification representing the final 
stage of alteration—the two being apparently contemporaneous filling and 
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replacement counterparts. It is probable that the alteration had been prac- 
tically completed prior to the introduction of most of the metal content of the 
veins, which was deposited locally with dark vein quartz definitely younger 
than the light to medium gray quartz. In addition, the uraniferous and non- 
uraniferous portions of the veins differ only in the higher content of other 
metals, chiefly as sulfides, in the uranium-rich parts. There appears to be no 
reason to expect that the difference between about 1 and about 5 percent 
of opaque minerals (characterizing the light gray and black extremes of a 
continuous gray range of microcrystalline quartz) should be reflected in the 
alteration, even if it were contemporaneous, except perhaps in the amounts 
of metals absorbed or base-ex« hanged on clay particles. 

The uraniferous “siliceous reefs” are only a small fraction of the known 
veins of this type cropping out at the surface. Good unweathered exposures 
of totally barren reefs were not available for comparison with the “reefs” 
carrying spotty uranium concentrations, due to the lack of underground work- 
ings. It seems very probable, however, that an identical pattern of alteration 
would be found throughout the deposits of this type, regardless of the presence 
or absence of ore minerals. 


Comparison with Alteration at Butte 


The location of the uraniferous deposits in the same intrusive body that 
contains the great Butte deposits suggests comparison with the detailed altera 
tion studies at this locality by Sales and Meyer. The assemblage and se- 
juence of development of alteration minerals along the uraniferous veins is 
markedly similar to the Butte alteration that took place in quartz monzonite 
of similar composition to the granodiorite (12) described in the present study 

Several differences may be noted. The three sheet structure silicate 
alteration products—sericite, kaolinite, montmorillonite—in the “reef” de 
posits of the present study are not so tightly confined to specific zones as at 
sutte, and the gradational alteration “zones” thus lack distinct identity as 
noted previously. Boundaries between zones defined by maximum content 
of the three minerals must be arbitrary, because all three are present nearly 
throughout, though in systematically varying amounts. 

The chemical changes accompanying the rock alteration along the uranifer 
ous veins differ in the case of potash from those at Butte, where the strongly 
sericitized rock adjacent to veins was enriched in potash. As noted above, 
the rather weak and discontinuous development of sericite adjacent to the 
“siliceous reef” veins, coupled with the persistence of kaolinite to the vein 
walls, may reflect somewhat lower temperatures in the vein walls than at 
sutte. The predominance of open space filling in the “reef” deposits, the 
abundant vugs and cavities, and the position of the “reef” deposits not far 
from the supposed position of the roof of the batholith would be consistent 
with somewhat lower temperatures of deposition than those existing during 
deposition of the Butte veins. 


(To be continued in next number. 
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SULFUR ISOTOPES AND ORE DEPOSITS? 
WAYNE U. AULT? AND J. LAURENCE KULP 


ABSTRACT 


A geochemical history of the sulfur isotopes in the crust of the earth is 
presented. New measurements of the S2/S** ratio on sulfide minerals 
are used to show that transport and depositional processes do not appear 
to produce appreciable variation in the relative abundance of the sulfur 


isotopes. The average S**/S** ratio in an ore deposit as well as the 
range of values provides information on the ultimate source of the ore 
forming fluids and to some extent the mechanism of emplacement. 


Galenas containing lead of normal isotopic composition generally have a 
narrow range ot 5**/5** ratio, whereas anomalous leads carry sulfur of 
highly variable composition. The $#2/S* ratios in coexisting galena 
and barite can be used to estimate the temperature of formation of an ore 
deposition but criteria of equilibrium are difficult to establish 


INTRODUCTION 


THE significance of isotopic geochemistry of sulfur in the question of the 
origin of sulfide ore deposits has been recognized since the pioneer measure 


ments of Thode and co-workers (19). More recently an attempt was made 


to define the relative importance of processes that produce variations of the 
S**/S* of ore sulfides (14) and to construct a geochemical theory to account 
for the total movement of the sulfur isotopes through the various phases of 
the lithosphere (2 

The general concepts outlined in the 1956 paper still appear valid but 
further substantiation and classification seemed desirable. In addition, col 
lections were made to extend the study to many other types of ore deposits. 
The investigation reported in this paper also was concerned with the relation 
of lead to sulfur isotopic variations and the possibility of using sulfide-sulfate 
equilibria in the thermometry of ore deposits. 

The authors wish to acknowledge the considerable help of many of their 
colleagues. C. H. Behre, Jr., A. Poldervaart, H. W. Feely, P. E. Damon, 
F. D. Eckelmann, B. J. Giletti and P. W. Gast contributed significant discus- 
sion and criticism. 

Valuable samples were kindly provided by G. C. Amstutz, H. L. Barnes, 
G. L.. Bate, C. H. Behre, C. Belt, J. C. Bradbury, F. D. Eckelmann, J. Fried- 
man, R. L. Harris, P. A. Hill, H. Imai, P. F. Kerr, O. Kouvo, R. Metsger, 
D. S. Miller, E. L. Ohle, J. L. Rodda, W. W. Simmons, L. R. Steiff. C. B. 
Tennant, K. K. Turekian and F. Williams. 
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Those who assisted in the mass spectrometer analyses and manuscript 
preparation were C. Miller, D. Becknell, C. Ault, D. Kellerhouse, R. Widenor, 
P. Hazlett, J. Brokaw and M. Rippey. 


TECHNIQUE AND SAMPLES 


The sulfur in all samples was converted to pure sulfur dioxide and analyzed 
on a modified Consolidated 21-401 isotope ratio mass spectrometer by methods 
described elsewhere (1, 2). The results are reproducible to + 0.015 to the 
S/S“ ratio at the two sigma level. The primary standard was the Cafion 
Diablo meteorite whose S**/S** ratio was taken as 22.21. The results are 
therefore directly comparable with those of Thode’s group (19), Jensen (9, 
10), Sakai (16) and the more recent Russian work of Vinogradov et al. (24), 
who adopt 22.20 for the meteorite standard. The data are also reported 
as per mil difference from the primary standard defined in the usual way: 


(S*4 
0 (S34 1 10°. 


tandar 


In the following tables of results, the samples are defined as tersely as 
possible consistent with the objective of the discussion. More complete de- 
scriptions may be found elsewhere (1). 


GENERAL ISOTOPIC GEOCHEMISTRY OF THE SULFUR ISOTOPES 


The sulfur isotopic composition in the important sulfur-bearing phases of 
the lithosphere is shown in Figure 1. This distribution has been considered 
and a comprehensive geochemical theory proposed by Ault and Kulp (2). 
The outline of this theory and its broad implications will be given here to 
provide the basis for the interpretation of the new results on ore sulfides. 

From several lines of evidence the average S**/S™ ratio in the earth ap- 
pears to be 22.13. This is taken as the initial ratio of sulfur isotopes in the 
earth. It also should represent the present sulfur isotopic composition of 
the mantle since (a) no processes are known which should cause significant 
fractionation under mantle conditions and (b) the best samples of sulfur from 
the mantle, i.e., in large bodies of mafic rock and oceanic basalts, have a rather 
narrow spread around this average value. Therefore a S**/S* ratio of 22.13 
also represents the average sulfur isotopic composition of the crust now. This 
average earth value is lower than meteorites (22.21), presumably as a result 
of isotopic fractionation of the light constituents during the accretion of the 
planet. 

Rock sulfide is mostly converted to sulfate on weathering without de- 
tectable isotopic fractionation (2), so that sulfur brought to the surface from 
igneous material in the mantle moves into the ocean with the S**/S* ratio 
of the average earth. Transitory variations occur in the emanations from 
volcanoes where H,S-SO, equilibria are effective and where native sulfur 
may sublime. All of these phases are eventually oxidized and again the 
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sulfur enters the ocean as sulfate. Direct data comparing the sulfur of vol- 


canic gases with the sulfur remaining i 


| the lava are as yet lacking; but if 
t is valid to compare the sulfur products of 


remaining in mafic rocks thet 


&). 


fumarolic activity with sulfur 
there is some fractionation during volatilization 

Most of the fractionation of the sulfur isotopes in nature takes place in 
the oceans, ocean margins and recent sediments by the agency of sulfate- 
reducing bacteria that produce light sulfide and heavy residual sulfate (7). 
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The isotopic composition of the ocean sulfate changes only slowly with time 
depending on the influx of new sulfate, the rate of deposition and the ba 


teriological activity. The isotopic composition of the H,S and hence the iron 


sulfides produced by the bacterial reduction of the ocean sulfate, however, 
varies widely depending on the ten 


li perature, the food source and the rate of 
metabolism. The average sedimentary sulfide has a S*2/S™ ratio of about 
22.5. The range is narrower and the average S**/S™ ratio lower in the 
case of sulfide production in the open marine environment. Under diagenetic 


and later ground water conditions, however, the S**/S" ratio in the produced 
H,S may be considerably higher and more variable. Limestone may incorpo- 


rate primary sulfate which, if food for the bacteria is available, may be 
partially reduced to sulfide during diagenesis. Since the residual sulfate may 
locally become progressively heavier, the resultant sulfide may exhibit a wide 
range of sulfur isotopic 


pic composition even if the actual fractionation efficiency 
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of the bacteria remains constant with time. Connate water in shale and 
sandstone will also contain sulfate that contributes to the total sulfur pool 
of the rock. 

In a large geosyncline existing over a long period of geologic time, there- 
fore, the average sulfur isotopic composition will approach the average crustal 
or mantle value but in small volumes the average may be considerably above 
or below the earth average, depending primarily on the ratio of sulfide to 
sulfate in the particular volume and to a lesser extent on the initial average 
S*/S®™ ratio in the sulfide and sulfate phases 


During the metamorphic process and under magmatic conditions sulfate 


source of hydrothermal solutions the 
sulfide will have an isotopic composition that will reflect the relative con- 
tribution from the sulfur or 


sulfate of the environment 


tends to be reduced Hence, at the 


iginally present in the sedimentary sulfide and 


If homogenization of a large volume of the crust takes place such as in 
the formation of a true magma, the sulfur isotopic composition of the hydro- 
thermal solutions emanating from the volume should be quite uniform. The 
value of the S**/S** ratio, however, may vary from one deposit to the next, 
if the volume element from which the magma was produced was small. If 
the volume element is large enough or if the ratio of sulfide to sulfate is suit- 


able, the S°*/S*' ratio of the sulfur in the hydrothermal solutions will approach 
that of the earth average 


If the sulfur is only partially extracted from the basement rocks by a 
process that does not involve complete fusion and magma formation, such as 


for the Mississippi Valley type deposits (3), 
the sulfur isotopic composition of 


appears to be generally the case 
the hydrothermal solutions may vary from 
the beginning to the end of the extraction and depositional cycle. 

When sulfide ore deposits or metasedimentary rocks are brought to the 
surface of the earth, this second generation sulfur is oxidized to sulfate like 
that of the primary rocks formed directly from the mantle and contribute the 

This overall process has not resulted in an 
with time once the sulfate-reducing bacteria became 
established. The S**/S" ratio in the ocean will merely fluctuate around a 
mean depending chiefly on bacterial productivity. 


average $**/S* ratio to oceans 


increasing fractionation 


Some Processes That Do Not Produce Appreciable Isotopic 
Fractionation in the Formation of Ore Deposits 

The theory of the isotopic geochemistry of sulfur described above makes 

sulfide deposits expected as a result of the 

It must also be defined whether there are 

ditional fractionation on the sulfur isotopes 

during the extraction, transportation and depositional processes. 


Reactions involving oxidation-reduction of sulfur compounds are known 


variations of the S**/S** 1 in 


differences in the source rocks 
causes that may sup rimp se ad 


to produce appreciable isotopic fraction 


fractionation if equilibrium or partial equi- 
librium may be frozen. (‘Appreciable” here and in the discussion to follow 
means more than 0.2 percent of the S**/S* ratio.) This appears to be 
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clearly displayed in those sulfide ore deposits that also contain hydrothermal 


sulfate. These phenomena will be discussed 


in a separate section below as 
they may be used in principle to indicate tem 


perature. In general, however, 
these associations are not common and oxidation-reduction equilibrium ap 
pears to play a negligible role in the formation of most sulfide ce posits 

As will be seen below, also, there are many sulfide deposits in which the 
isotopic composition of the sulfur is constant. This suggests at least that in 
the gross transportation of hydrothermal solutions from depth there is no 
appreciable fractionation. The depositional process is more obviously sus 
pect and will be considered next 


CRYSTALLIZATION 
Sulfide minerals of different chemical composition and physical form 
association. To demonstrate that 
the crystallization phenomenon is not accompanied by significant fractionation 
that represent a range of depositional condi- 
tions in which closely associated minerals have the 


crystallize from ore solutions in intimate 


i 


it 1s: necessary to find localities 


same isotopic con position, 
The deposits ideally would have been derived from a sulfur source that had 
uniform isotopic composition, but this is not essential as long as the rate of 
change of the isotopic composition of the depositing solutions is slow. In 


searching for an answer to this problem it must be stressed that to find dif 
ferences from one mineral to another in a given hand specimen, as Kulp, Ault 
and Feely (14) and Jensen (9) have done, does not prove the existence of frac 


tionation during crystal formation. Conversely. however, the uniformity 


among the mineral phases in a particular specimen is rather 
dence that at least for the environment represented by that 


fractionation is negligible 


conclusive evi 


specimen such 


Some of the cases that provide eviden 


e against fractionation during 
crystallization are shown in Table 1. The 


e hand specimens, containing 


more than one sulfide phase, are from a large variety of deposits in luding 
Mississippi Valley, S.W. United States, metamorpho ed shale, pegmatites, 
and Franklin, N. J., types. Most of the common sulfides are represented 
Several additional examples are shown in the data of Jensen (9) where the 
following associated pairs have the same sulfur ise topic composition, each 


from a different mine: cubanite-chalcopyrite, chalcopyrite pyrrhotite, bornite 


chalcopyrite, and sphalerite-pyrite (two cas Furthermore, if all cases 
where the variation among closely associated sulfide n ineral phases exceeds 


+ 0.03 are examined, no obvious ort natic difference between any pair 
of common minerals appear 

These results indicate that sulfide minerals leposited in close association 
with each other at elevated temperatures are not accon panied by detectable 


fractionation. In general it can be concluded that fractior ition during crvstal 
lization of ore does not ippear to ¢ ced §S S** 0.02 or = 0.1 percent 
of the ratio. The apparent lack of fractionation of sulfur isot ypes among the 
sulfide minerals, while it is found in hydrothermal minerals for ox, gen isotope 

(3), may be due to the similarity of atomic bonding of the sulfides investigated 


and the smaller mass difference in the f sulf 
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HP 7 
HP 2 
His 4 
Hit, 31 
Ht, 30 
HS 18 
HP 12 
HS 57 


HP 67 
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HS 17 
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SPECIMENS OF 
MINERALS 


INTIMATELY 


Ciualeopyrite 
Pyrite 


massive) 
massive) 
Pyrite 


cubes 


lark coarse 


Pyrrhotite 


Pyrite 


Massive 


ibes in pyrrhotite) 


Pyrite 


Mol 


vybdenite 


lerite 
isite 
ialerite 


concentric rings 


ralena cubes in above 


heory of isotopic fractionation by diffusion in geologic 


who concluded that 


large body exists “in which a major constituent is isotopically 
diffusion processes.” 


systems has 
probably no 
enriched by 
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| 
Localit Sample and Mineral 
22.24 
22.23 
22.19 
Sphalerite 22.20 
| Galena (large cubic 21.94 
Galena velvet’ '-flow structure 21.92 
|, Sphalerite 22.14 
Pyrite 22.14 
Sphalerite 22.18 
Pyrite 22.17 
22.18 
22.18 
HMo4 22.18 
HCp 23) Chaleopyrite 22.12 
HG 228 Galena 22.11 
a7 HG 221 Galena 22.20 
HCp 17 Chaleopyrite 22.20 
His 43 Sphalerite 22.17 
Ht, 225 Galena 22.11 
HS 45 Sphalerite 22.12 
Hil? 32 Pyrite 22 09 
HG 207 Galena 22.14 
HP 27 Pyrite 22.14 
| Spl 21.86 
M 21.87 
Sp 21.85 
21.87 
Pyrite 21.83 
Sphalerite 21.84 
Pyrite 22.34 
Sphalerite 22.34 
Sphalerite 21.67 
= Chaleopyrite 21.67 
'See Ault (1 
DIFFUSION 


AND ORE DEPOSITS 


Table 2 and Figure 2 give the enrichment in the light isotope (S**) for 
various conditions of diffusion coefficient, distance and time. For simplicity 
it was assumed that the sulfur atoms travel as S° ions. If they are com 
plexed the fractionation effect will of course decrease. If they travel as 
H,S molecules, the difference from the calculated values is small. Since the 
most probable diffusion coefficients for solids are 10°** cm?/sec or less (1 ), it is 
evident that in the solid state at low temperatures the extent of diffusion and, 


cm 
INCENTRATION Cx ¥S DIFFUSION 
x, FOR VARIOUS PERIODS OF TIME AND 


FRACTIONATION & FOR CURVE Cs/Co 
chance “t" w THe 


hence isotopic fractionation, is negligible in geologic time. On the other 


hand, solids at high temperatures or liquid solutions at all temperatures have 


sufficiently large diffusion coefficients so that detectable isotopic fractionation 
might take place if mass transportation by other processes than diffusion 
were not important. The mean enrichment is determined by the extent of 
diffusion, i.e., C,/C, where C, is the concentration at the source and c. i 
the concentration at a distance x cm from an infinite planar source 

Any mass transport will involve turbulent and convective mixing which 
will decrease or obliterate the diffusion effect. This is particularly evident 
in the case of solution movement whether it involves hydrothermal or ground 
water solutions. 
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Examples of alleged isotopic fractionation by diffusion of any element in 
nature are scarce. This is due in part to the absence of cyclical mechanisms. 
Friedman (8) suggested diffusion of hydrogen as an explanation of the iso- 
topic uniformity of the hydrogen among ice samples from the Juneau glacier 
which showed a change in the oxygen isotopes. However, as Epstein has 
pointed out (personal communication), contamination of the oxygen may 
have been present and adequate controls were not available. Thode (19) 
interpreted decreases in the difference between S**/S"™ ratios in sulfate and 
hydrogen sulfide at greater depths in water wells (only three cases) as a 


TABLE 2 


PHEORETICAL Extent oF IsoToptIc FRACTIONATION FROM THE DIFFUSION 
or SuLFipE Ions UNDER Various CONDITIONS 


Approx, temp 
25 (solid) 


25 (liquid) 


100 (solid) 


500 (solid) 


result of diffusion of the H,S but later (20) pointed out the existence of bac- 
teria in the water so that the change with depth may be attributed to variable 
metabolic rate of the bacteria with pressure and food supply which reduces 
the extent of fractionation that bacteria can affect. Silverman (18) showed 
a variation in O** concentration across a granophyre-gabbro contact and 
suggested diffusion as the mechanism. However, Clayton and Epstein (5) 
have pointed out that the observed variation could be due to isotopic frac- 
tionation during magmatic differentiation. 

In the present study there are two districts, S.E. Missouri and Sterling 
Hill, where a number of samples in suitable geologic settings are available 
to look for diffusion effects during deposition. Solid diffusion after mineral 
formation is, of course, unimportant as is shown by the differences that have 
been preserved in a single crystal from Indian Creek, Mo., for 10° years and 
is discussed below. 

To look for evidence of diffusion in hydrothermal solutions a suite of 
samples was selected from the upper level of the Bonne Terre Mine, Bonne 
Terre, Mo. (Fig. 3). Throughout the southeast Missouri district the move- 
ment of the mineralizing solutions was upward from the Precambrian granite 


knobs and outward along contacts and ridge of the various members of the 


3 
D. Distance (x) from Cx 6S* ° mean 5 
source in cm ce enrichment at (x) 
10° 1 0 
10-8 1 | .99 1 
10 90 2 
20 80 4.9 
100 20 33.8 Py 
1 208 33.5 
2 O12 121 
107 1 0003 ~108 
10° 1 990 0.1 
10 904 0.2 
100 208 33.8 : 
10° 1 0001 ~ 10 
\ 
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Bonneterre formation (6). It is common to find marcasite mineralization 
just beyond the limits of galena mineralization. Because there is evidence 
that the upper members and the extremities were mineralized last and because 
of the proximity of the Fe to Pb mineralization, it appears that the marcasite 
front was driven ahead of the galena. The sulfur in the marcasite (Fig. 3) 
has a remarkably constant isotopic composition in mineralized veins through- 
out the Pb-Fe transition zone (Samples 1-8). Galena was irregular with 
a 0.7 percent variation but such variation showed the marcasite sulfur (which 
had traveled further) to be heavier. 
tion by diffusion. 
process. 


Thus there is no evidence of fractiona- 
It must be concluded that mass transport was the dominant 


SAMPLE SUMMARY 
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+2 SAMPLE LOCATION 


FIGURE 3 - SAMPLE LOCATION IN GALENA-MARCASITE MINERALIZATION 
TRANSITION ZONE, BONNE TERRE MINE, SE MISSOURI 


The Sterling Hill and Franklin, N. J., deposits present a different geologic 
environment in which to look for diffusion. The ore bodies in the Franklin 
“White” limestone have discrete limits. Diamond drill holes from the sur- 
rounding area show distinct Zn (sphalerite) haloes with a rather abrupt in- 
crease from a few parts per million zinc in the average limestone country 
rock to about 250 parts per million in the halo. A number of sphalerite and 
pyrite samples were concentrated from four drill cores (Fig. 4). 

Two conditions necessary for effective diffusion are present: the concen- 


tration of sulfides in the halo region is less than 10° of that in the ore body 


and the deposit appears to have undergone regional metamorphism which 
would have produced elevated temperatures for a considerable length of 
time. Drill core S-87 does show the sulfur becoming lighter with distance 
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HS22 . 21.93 
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87 
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wS27 21.64 


2:85 


600 LEV ORE 
19-40FT 
00 LEVEL 
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“S24 21.97 


160-191 FT 
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SECTION THROUGH WEST SHAFT 
STERLING MINE, OGOENSBURG, NJ 

SAMPLE LOCATIONS ARE SHOWN RELATIVE 
TO ORE BOOY. THIS SECTION |S SEVERAL 
HUNOREO FEET SOUTH OF THE SECTION 
ON WHICH THE ORILL HOLES WERE ACTU- 
ALLY ORILLEO. BECAUSE OF THE 45° 
PLUNGE THEY APPEAR CLOSER TO THE 


SURFACE IW THIS SECTION THAN THEY 
ACTUALLY WERE 


MAP OF FRANKLIN-STERLING HILL MINES, NJ 


(MOOIFIEO AFTER PINGER, GS A 
GUIDEBOOK, 1948 AND HASTINGS, 


MINING ENGINEERING, DEC. 1955) 


FIGURE 4 


from the ore body but S-82 shows the reverse. 


Since dolomitization accom- 
panies mineralization in the deeper portion of the ore body it may be argued 
that S-82 represents changes along solution channels. Further work on the 


diffusion problem appears warranted at the Sterling Hill deposit. 
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Comparison of the sulfur with Zn abundance in F-152, DDH 150 and 
5-82 and with Fe abundance in S-87 and S-82 shows no correlation. In con- 
clusion, unmistakable examples of isotopic fractionation of the sulfur iso- 
topes in nature caused by diffusion are yet to be found. 


TEMPERATURE EFFECTS 


Some of the early work of Thode et al. (19) which involved the com- 
parison of two pairs of fine- and coarse-grained pyrite deposited consecu- 
tively led them to propose a definite temperature effect in which S** would 
be preferentially deposited in the early and higher temperature phases. The 
results of the present study do not support this suggestion although the 
number of suitable samples is still quite limited. 


TABLE 3 


SULFUR IsoTropic COMPOSITION OF SPHALERITE WITH KNOWN [RON 
CONTENT AND RELATED PyritE 


Locality*® Sam ple** 


Cniman 
MF-25-1 
MF-437b 


MF-453A 
S(,-440 
SG-432 


Outokum pu 
High temp.” HP 38 pyrite 
Low temp HP 39 pyrite 


Sterling Hill 


MF -439-B 
SG-261 


‘SG431 


Friedensvill 


SG262 


MF499B 
SC,436 


HS 17 
HP 11 


HS 59 
HP 68 


HS 19 


HP 13 


HS 60 
HP 69 


* Brackets indicate samples from same hand specimen 
** S indicates sphalerite, P indicates pyrite. For detailed description see Ault (1957) 
t Fe analyses made by New Jersey Zinc Co 


In the Santa Rita district, for example, the Kearney Mine with pre- 
dominantly zine mineralization has the same range in sulfur isotopic com- 
position as the Ground Hog Mine (predominantly lead). The latter is much 
further from the Santa Rita stock which appears to be the focal point of 
the activity. 


t 
| 
% Fet gm 
HP 12 22.14 
HS 58 96 22.16 
HS 57 13 22.18 

HP 67 22.17 
22.21 
22.14 

22.34 
(GC2) 22.22 

| 14 22.28 
22.32 
22.26 

$ 
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Another approach is to use the definite relationship between temperature 
and the amount of mixing of FeS in the ZnS lattice (13) in a number of 
suites of sphalerite samples to define the temperature and then to look for 
corresponding isotopic fractionation. The locations of such samples are given 
in Table 3 along with the iron concentration of the sphalerite and the sulfur 
isotopic composition. Pyrite taken from the same hand specimen as the 
sphalerite was used as control in the isotopic analysis. 

The Gilman samples showed a nearly constant sulfur isotopic composition. 
Even the hand specimen containing both light- and dark-colored marmatite 
gave sulfur identical with the pyrite. Temperatures of mineralization esti- 


Fic. 5. Sulfides from various types of ore deposits. (Modified after Ault, 
in Researches in Geochemistry, John Wiley & Sons, 1959.) 


mated for the Gilman deposit vary from 505° C (13) based on the Zn-Fe-S 
equilibrium to 250° C (4), based on the oxygen isotopic relationship between 
silicate and carbonate in the dolomitized zone. The intimately associated 
high and low temperature pair at Outokumpu show an inverse relationship 
to the two pairs reported by Thode (19). Neither Sterling Hill nor Friedens- 
ville shows any correspondence between isotopic ratio and per cent Fe in the 
marmatite. These data indicate that factors other than temperature effects 
on crystallization are responsible for the variation in sulfur isotopic com- 
position. 
Source of Sulfide in Selected Districts 

From the foregoing discussion it is evident that in the absence of sulfide- 
sulfate equilibria at elevated temperatures, the sulfur isotopic composition of 
a sulfide deposit is determined by the S**/S"* ratio of the source. 
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TABLE 4 


REMENTS OF SULFIDE 
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DEPOSITS 


MINERALS 


NN 


NNN NNN NNN 


NNN 


SULTUR RS 
New S*/S* 
Sample No.* Location and Description 5S 
Finland 
Ht, 253 ty copy 22.23 09 
HG 254 ( ead 21.43 +351 
5 ( 21.600 
f 22.52 140 
21.94 +122 
8 ( 22.22 — 05 
22.27 27 
m2 fee 
( 22.21 + 00 
32.40 
( 22.40 8.6 
kijarvi 21.60 +27.5 
22.24 14 
22.18 + 14 
23 22.32 50 
from QOuto 22.21 
from Outo 2214 + 32 
HP 38 
‘ 23b.y 22.17 + 18 
HA 2 considered 21 98 +104 
HCp 35 Chalcopyrite from Outokumpu 2209 + 54 
HA & associated with H€p 35 and con 21.96 #113 
sidered secondar’ 
(sreenland— Ivigtut 
samples from Stock Piles 
HCp 17 Chalcopyrite in massive quartz from chimney 2220 + 04 
‘rea 
HG 221 Galena associate 20 + 
HS 43 Sphalerite assoc 17 17 + 18 
HG 222 (,salena from chimney area 16 + 23 
Hi; 223 Galena in smoky cryolite from chimney are 02 + 86 
HG 224 (ralena in white cryolite 05 i 72 
HS 44 Sphalerite associate with HG 224 18 + 2.7 
HCp 20 Chalcopyrite in siderite nd some crs te 1s + 27 
Hi, 225 Galer ssociated with HCp 20 11 “23s 
HP 32 Pyrite associated with HCp 20 09 + 54 
HS 45 Sphalerite ciated with HCp 20 12 + 41 
Hi¢ p 21 Chale pyrite in siderite and cry te 17 + 18 
Hit, 226 Galen earK ted wit HCp 21 16 ij 23 
HS 46 Sphalerite associated with HCp 21 2 + 86 
* See Ault (1957) for more mplete description 
7 ** Common lead ages were obtained by D. S. Miller and O. Kouvo. and the Rb-Sr weby P 
(,ast, at the Lamont Geolog 1 Observatory 
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Sample No.* Location and Description 


Samples from Mine 


HCp 22 Chalecopyrite in assemblage from band 

HG 227 Cralena between siderite rich and poor zones 
HiCp 23 Chalcopyrite in cryolite-siderite assemblage 
HG 228 (Cralena associated with HCp 23 

HP 33 Pyrite from “‘Ivigtut™ granite 


Others from Ivigtut 


HCp 2 Chaleopyrite in siderite and cryolite 
HG 20 Calena associated with HCp 2 
HCp 24 Chaleopyrite in siderite and cryolite 
HG 229 | Galena associated with HCp 24 
HP 35 Pyrite associated with HCp 24 


Mexic o 


Ht, 74 Galena from Parral Chihuahua 
Hit, 231 Galena from Durango (Tertiary 


Colorado 
Gilman 


Sphalerite, 9.9% Fe 

Pyrite associated with HS 18 
Sphalerite, 9.6‘ e 
Sphalerite, 1.3°) Fe, associated with HS 58 
Pyrite associated with HS 57 and HS 58 


Leadville, Colo 


HG 27 valena from Great Hope Mine with anglesite 
ind cerussite 

HG 28 alena from Little Pillsbury Mine, argentiferous, 
silver chloride ore 

Ht, 29 ralena from Tucson Mine, Pb-Ag-Bi sulfide ore 


Idahe 


HG 31 ralena, large cubic, Minnie Moore Mine, 21 
Bellevue 

HG 3 alena showing flow structure ‘‘velvet galena 21.92 
around crystal HG 31 

HG 32 alena, argentiferous, Minnie Moore Mine, 22.02 
1000° level 

HG251 ralena from Sunshine Mine, Kellogg, 2,800’ level 22.14 

HG 252 ralena from Sunshine Mine, Kellogg, 3,840’ 22.09 
level 


S.E. Missouri 


Galena-Marcasite Mineralization Transition 
Zone, Bonne Terre Mine 


HG 239 (salena at galena-marcasite transition 

HiM & Marcasite with galena HG 239 

HG 240 Csalena intermediate distance from transition, in 
galena zone, upper band 

HM 9 Marcasite with galena HG2 40 

Hit, 241 Galena intermediate distanec from transition, in 
galena zone, upper band 

HM 10 Marcasite with galena HG 241 

Hi, 242 Galena furthest from transition, in galena zone, 
upper band 


| 22.16 + 23 
22.21 00 
22.12 + 4.1 
22.11 + 45 
22 06 + 68 
21.55 +297 
21.55 +297 
22.16 + 23 
22.23 09 
22.11 + 45 
22.12 + 41 
| 
HS 18 22.14 + 32 
HP 12 22.14 + 32 
HS 58 22.16 + 2.3 
HS 57 22.18 + 14 
HP 67 22.17 + 18 
22.20 + 04 
22.23 09 
22.19 + O9 
| 
+122 
$13.1 
+ 
+ 54 
21.85 +16.2 
21.76 +20 3 
21.89 +144 
21.78 +194 
7 21.78 +194 
21.75 +20.7 
21.94 +12.2 


Sample N 


HM 11 
HM 12 


HM 13 
HG 245 


HM 14 
246 
HM 15 
HG 248 
HM 17 


HS 291 
HS 2911 
HP 21 


HG 198] 
Ht, 19811 


Hg 19811] 


HS 34 
Ht, 199 
HM 6 


Hi, 284 


2&5 


HP 18 


Hi p10 
HP 19 
HCp 12 
HCp 13 
HCp 15 
Hit, 196 
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Chalcopyrite from ( 

Pyrite from m 
Miami 

Pyrite from mineralized 
Miami 


ialcopyrite in porphyry, 


Bishee 
neralized fault in diabase 


fault in diabase 


Globe-Miami 
Pyrite in qu 
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marcasite 


transition 


t 
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291 and 
phalerite 


te layers 


of (later 


S 2911 


posit 


with fluorite 


Crlobe 


» Globe 


87 
21.75 +207 
I 21.80 +185 
lower 21.85 +162 
21.79 +189 
21.81 +180 
21.78 +194 
21.83 +171 
eee 21.89 +144 
21.85 +162 
21.86 +158 
21.87 +154 
21.92 +131 
21.92 +131 
21.85 +162 
2190 +140 
HS 28 Sphalerite 21.87 +153 
| 22.16 23 
om Galatin Co. I, 22.28 32 
Arizona 
HB 2 22.26 23 
HCp4 22.27 2.7 
HG 75 22.34 59 
HCp 6 22.19 + 09 
HP 17 22.29 36 
22.27 2.7 
2221 0.0 
22.28 432 
22.29 36 
ry. Miami 22.29 +6 
— sample HCp 15 2224 14 
HP 15 Pyrite in quartz 22.17 + £9 
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Location and Description 


Nitt Mine, M iwdalena 
Chalcopyrite in quartz 
| Pyrite in granite 
New Jersey 
Sterling Hill 
800 ft level 


| Sphalerite in caleite, 700 cross cut near kee! 


| 1,100 ft level 


| Gypsum (selenite) growing on franklinite 


1,200 ft level 


HCp 32 Chaleopyrite from gneiss on 1,220 crosscut 

HS 53 Sphalerite associated with HCp 32 

HS 55 | Sphalerite from 1 ft quartz vein in ‘‘Black Rock" 
about 40 ft from HS 53 


1,600 ft level 


Anhydrite from shear zone E. end of N. trans 
verse stope, associated with “‘serpentine 


2.550 ft level (i.e. below ore body) 


HCp 31 Chalcopyrite associated with pyrite and calcite 


DDH 262 was drilled from the east side of the 
ore body from the 1,850 ft level inclined at an 
angle of 75° from the horizontal, due east 


1,883 ft. along core 


Hs 34 Galena sample GC 2 from DDH 262 into country 
rock 
HS 10 Sphalerite associated with HG 34 
Horizontal core S-87 from foot wall into white 
limestone on 1,000 ft level 
100--140 ft from foot wall, mostly « 
HP 30 Pyrite 
HS 27 Sphalerite 


180-210 ft from foot wall, rock is 21.5°7 dolomite 


HP 29 Pyrite 
HS 26 Sphalerite 
Core S-82 from 1,750 ft level downward across 

west limb of ore body near trough 

HS 23 Sphalerite, 19-40 ft between east branch and 
west limb 

HS 24 Sphalerite from foot wall contact of west limb 
to 34 ft from ore 

HS 25 Sphalerite from 75 to 106 ft beneath foot wall 
of west limb 

HS 17 Sphalerite, 4.3°) Fe 

HP 11 Pyrite with sphalerite HS 17 

HS 59 Sphalerite, 0.9° 

HP 68 Pyrite with sphal 


NNN 


| 
Sample No.* Sm su 
HCp 5 22.23 09 
HP 14 | 22.18 + 14 
| 
| 
HSS54 22.21 0.0 
| | 
HGy 2 | 2208 | + 5.9 
| 
| 21.94 +12.2 
200 | + 7,7 
| 22.35 — 6.3 
| | 
21.83 $17.1 
22.03 + 81 
22.22 0.5 
21.83 $171 
21.84 $16.7 
21.99 + 99 
21.31 45 
22.17 
21.97 +108 
21.87 $15.3 
' 59 
34 59 
+ 63 
22 0.5 
| 


m DDH 150 
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ge 901 921 ( ore 
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York 
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HS 52 


040 he 
lerite Hs oo 
he 
erite HS 19 


HG 232 


“Oa 
HP 65 
HP 66 


Japan 
HiGy 6 
HCp 33 


1 


New isotopic measurements on sulfide minerals are given in Table 4 
Districts for which more than five samples are available are plotted in Figure 
5. These data may be examined in the light of the geochemical theory de 
scribed above. The subsurface crustal sulfur that enters a hydrothermal 
solution may be derived from three extreme sources average crustal sulfur 


a large mass of sedin ary or metasedimentary material. basaltic 


emanation from the mantle) with S**/S* = 22.13. sedimentary 


sedimentary sulfate 


n It has already 
been suggested in a preliminary ] tha ‘ sulfur isoto data are 
strong evidence again ore depositing solution ing directly fro: 


the mantle bec: if large variation observed from one de posit to another, 
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Of the localities in Figure 5 a number show a narrow range in the isotopic 
composition of the sulfur but the average value varies widely. The most 
reasonable explanation is that these deposits represent hydrothermal solutions 
derived from a local magma chamber in the crust, i.e., the source was not 
large enough to include an average sample of crustal sulfur. It is reasonably 
certain that the source rocks for these cases were sedimentary or metasedi- 
mentary in character. Thus the Ellenville (Fig. 5) and Rapakivi (Table 4) 
veins were likely derived chiefly from a source of sulfate sulfur. The Rapakivi 
galena from which the sulfur was taken is not related to the crystallization of 
the granite which occurred 1650 m.y. ago (3). On the other hand, deposits 
in the southwest United States, most of which are clearly related to intrusion 
of stocklike masses of granodiorite, show a narrow compositional range but 
the average S**/S* ratio lies considerably above the crustal mean indicating 
derivation from a source volume rich in sedimentary sulfide. 

Another case is the Norilsk deposit, which represents sulfides associated 
with a large mafic intrusion and shows an average S**/S™ similar to that of 
average crustal sulfur. The sulfides are included in gabbro and diabase 
which presumably was derived from great depth and could be a primary 
sample of earth sulfur either from the mantle or the lower part of the crust 
which had not been contaminated at any time in its history by material that 
had been at the surface. Other districts that show averages close to the 
crustal average are Southeast Manitoba and Gilman-Leadville, Colo. The 
former consists of sulfides associated with gabbro dikes and from pegmatites 
in metamorphic sequences. For the pegmatites the derivation of the sulfur 


is probably quite local and thus the agreement with the crustal average may 
be purely fortuitous. The Gilman-Leadville mineralization is related to in- 
trusive activity suggestive of a magma chamber source. 


Ore deposits of Peru extend over many hundred miles along the volcanic 
province of the Andean chain. As expected these show a fairly narrow range 
in composition (2). Samples from a single deposit (Casapalca) even at 
greatly different levels appear to be the same. However, because of the 
geographical extent it is not likely that the sulfur for all the deposits came 
from a single large magma chamber. In the Casapalca and Cerro de Pasco 
sources there is evidence of either a contribution from sedimentary sulfide 
or local mineralization by isotopically lighter voleanic volatiles 

Deposits with a Wide Range in Sulfur Isotopic Composition.—Aside from 
the Colorado Plateau uranium ores discussed separately below, the widest 
range in sulfur isotopic composition is found in the sulfides of the Mississippi 
Valley type of deposits. This is consistent with what has been learned from 
the study of the lead isotopic composition in these deposits, which has shown 
that they are probably derived from multiple sources in the shallow basement 
in a process of partial extraction that did not produce complete fusion of the 
source volume (6). Under such conditions it might be expected that the 
average sulfur isotopic composition would vary from one district to the next, 
that the average S*"?/S™ ratio might vary from one local source within a 
district to the next and that the isotopic composition of the ore solution from 
a single source passing through a single ore channel would vary in time. 


PFS AND ORE DEPOSITS 9] 


This pattern is exactly what is met with in the Mississippi Valley deposits. 
Figure 5 shows the great range of values for each district and that the average 
ranges from 21.95 for S.E. Missouri to 22.28 for Joplin, showing that the 
basement in the Joplin area, although apparently the same age as at Southeast 
Missouri contains a much higher ratio of sedimentary sulfide to sulfate. 
Within a given district such as S.E. Missouri, solutions from one source 
(ore channel system) may be distinguished from another by the average 
S**/S™ ratio although there may be considerable variation in detail (6). 

Many other deposits probably have a similar origin to those of the Mis- 
sissippi Valley. The Ellenville and Rapakivi veins for example probably 
represent small shallow sources where the proportion of sedimentary sulfide 
to sulfate is low. Friedensville, Pa. may be an analogous situation with a 
high proportion of sedimentary sulfide to sulfate in the source rocks. 

The deposit of complex origin at Sterling Hill-Franklin, N. J. shows a 
wide range in isotopic composition. If this represents an oxidized sulfide body 
that was subsequently subjected to regional metamorphism, the range in 
sulfur isotopic composition is readily explained by sulfide-sulfate reactions 
A sulfide body receiving its sulfur in part from sulfide and sulfate in a cal- 
careous source would also show a wide range. Despite the sizable number of 
samples no broad correlations have evolved between the detailed geologic 
setting and the isotopic abundances. 

The unusual Ivigtut, Greenland deposit shows a grouping around S*/S™ 

22.1 with one set that are very heavy, ie. S/S" = 21.5. This anomaly 
cannot be readily explained. The samples (HCp2 and HG20) contain a 
typical Ivigtut mineral assemblage and were rerun from the raw material so 
that an analytical or location error seems remote. There was no apparent 
difference between the sulfides in the clear cryolite and the smoky cryolite 
(“chimney zone”) and no correlation with the zones of siderite mineralization 

The Colorado Plateau Uranium Ores.—The results of Jensen (10) on 
sulfides associated with the uranium ores of the Colorado Plateau are more 
variable (22.1 to 23.3) and strikingly lighter than the average sulfur from 
any other major mineral province. The only adequate explanation for 
these very high and variable S**/S* ratios appears to be the local reduction 
of sulfate in the strata by bacteria (7,10). The high concentration of sulfides 
in and around logs and other organic matter suggests that the organic matter 
was the food of the bacteria; thus under the conditions of moving ground 
water, the highest concentrations of H.S would occur near the food source. 
The high S**/S* ratios indicate a slow metabolic rate. Another factor which 
would tend to produce such high ratios would be the S**/S™ ratio in the dis 


solved sulfate. If oxygen-bearing ground water oxidized sulfide in the per 


meable strata to produce its sulfate in the first part of its traverse through 
the formation and then reached the point of deposition, the bacteria could 


possibly start with sulfate of S**/S* 2 22.1. Under these conditions it would 


be a simple affair to produce H,S and hence FeS, of S*2/S** = 23.0 (7) 
These deposits therefore represent a special case of sulfide formation. i.e 


from ground water sulfate and bacteria in situ and normally will vield a 
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wide range of sulfur isotopic composition but with an average well above the 
crustal mean. 


COMPARISON 


WITH LEAD ISOTOPES 


Another correlation worth examination is the relation of the sulfur iso- 
topes to the lead isotopic composition. In particular, there is a sharp differ- 
ence in the sulfur isotopic composition between deposits containing “normal” 
leads (i.e., those that show no evidence of having spent a large part of their 
history in an environment with a U/Pb ratio greater than basalt) and “anoma- 
lous” leads. The geochemical theory that seems best able to account for the 
distribution of the lead isotopes in time would permit normal leads to spend 
only a relatively short part of their history in a high U/Pb (granitic or 
shale) environment (3). If the ore-forming fluids are essentially all de- 
rived from geosynclinal deposits undergoing metamorphism or fusion, then 
there would not necessarily be any relation between normal ore leads and 
the sulfur isotopic content. This holds for the important post-Cambrian 
deposits because the time spent by the lead in the sedimentary environment 
is too short to appreciably affect its isotopic composition whether it resides 
in a relatively high U/Pb environment such as shale (which characteristically 
has a high S**/S™ ratio) or in a low U/Pb environment such as evaporites or 
limestone (which have low S**/S** ratios). The data show a fairly narrow 
spread in the S**/S** ratios for normal leads. This probably reflects the fact 
that these leads are generally derived from a fairly large volume of crust 
that has been fused and the sulfur isotopes are homogenized close to the 
average crustal value. Thus 3-billion-year-old normal leads and sulfide from 
S. Rhodesia (HG206, HG207, HP27 and HG211) show S*/S* = 22.15, 
22.14, 22.14, and 22.20 respectively (2). Two-billion-year-old normal lead 
from Finland (HG253, HG260, HG262, HG259, HG264 and A48) show a 
little more variation with ratios 22.23, 22.14, 22.27, 22.26, 22.40 and 22.23. 
One-billion-year-old normal lead from the Sunshine Mine gives 22.14 and 
22.09 while fairly recent near-normal leads from Peru give 22.22, 22.24, 
22.12 and 22.25 (2). 

The anomalous leads have been in a high U/Pb environment for a con 
siderable time before the formation of hydrothermal solutions. If shales 
alone produced high U/Pb environments, the S**/S* ratio of the sulfur as- 
sociated with anomalous leads would always be light as is the case in the 
Joplin District of the Mississippi Valley, Sottunga in Finland or Friedens- 
ville, Pa. Actually, there are limestone environments of fairly high U/Pb 
ratios. Another complication is the possibility of deriving most of the sulfur 
from sulfate but the lead from a shale formation. In either case the lead 
could be anomalous but the sulfur might be very heavy. Such situations are 
observed in the post-Cambrian galena mineralization in the Rapakivi granite 
in Finland, S.E. Missouri district, Ellenville, N. Y. and to a less extent at 
tellevue, Idaho. 

Figure 6 shows a plot of the Pb***/Pb®** versus S**/S* for all galena 
samples in the Mississippi Valley. It is clear that although there is great 
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scatter there is 


a general correlation between more radiogenic lead and light 
sulfur. This is 


perhaps not unexpected since shales, which are generally 
higher in available uranium, tend to have a high sulfide/sulfate ratio. More- 
over, in cases of partial mobilization, the shale phases may be expected to be 
affected before limestone or evaporate phases. 


20 Sawrces 

ATES. 4) Sawrces 


Reference 5 in legend should be Reference 6 
VARIATION IN ISOTOPIC CONTENT OF 


HYDROTHERMAL 
SOLUTION AND MINERAL PARAGENESIS 


In any inhomogeneous extraction process such as 
in the formation of the Mississippi Valley type deposit 


position of the sulfur in the ore-depositing solution may 
with time. 


presumably occurred 
(3) the isotopic com- 
be expected to change 
If this change was a unidirectional one the sulfur 


position would be useful in defining mineral paragenesis 
That the sulfur ji 


sotopic composition in adjacent sulfide minerals can be 
quite different has been shown before ( 14, 15, 9) and has been confirmed by 
numerous examples here. It is a common phenomenon in those deposits 


such as the Mississippi Valley type where large changes in the composition 


isotopic com- 


of the depositing solutions occur 
Figure 7 is a sketch of a galena crystal from a vug at the Indian Creek 
Mine, southeast Missouri. One 5 cm galena cube and numerous small (1 
cm) crystals were attached to the wall of the vug, all showing the charac- 
Some of these, e.g., Nos. 4, 5 and 6. were 

penetrating the large cubes in a beveled cubic pattern. They were easily 
freed from the large crystal and showed a dolomite surface of contact between 
the large and small crystals. The large cube, which is somewhat irregular 


teristic dolomite contact surface 
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at the contacts, was sawed in half along a diagonal. In the sketch the back 
irregular face is the vug contact surface. The irregular front edge appeared 
to be caused by the cube growing around a projection of the dolomitic vug 
wall. Several faces of the cube were etched to bring out the small cubic 
pattern whose orientation is shown in the sketch. These do not parallel the 
large cube edges. 

A small crystal, sample No. 4, penetrates the large cube near the wall 
contact. Sample No. 1 is from a chiseled groove down the wall contact. 
Sample X, is from a cube corner; 2 and 3 were filed from the cube edge ; 
10 and 52. were taken from a corner which was not in contact with the vug 
wall. These faces, edges and corners not in contact with the vug wall are 
grouped as the last growing portions of the cube, i.e., extremeties of growth. 
All the wall contact samples are similar, having a lower sulfur ratio. All the 


galena crystal from Indian Creek Mine, S.E. Missouri, an 
S S™ ratio (After Ault in Researches in Geochemistry, 1959, John Wiley 
& Sons. ) 


extremities including No. 8 from the top face gave consistently higher values 
Especially striking are the comparisons Nos. 6 and 3, and Nos. 5 and 10. 
Though physically adjacent, these sample pairs give ratios that fit a pattern 
of isotopic change during crystal growth. A profile from wall contact (sample 
No. 1) to the extremity (samples No. 10 and 52.) gives a consistent trend 
with the sulfur isotopic compositional variation amounting to 0.75 percent 
i 2.5 percent 
This galena cube is interpreted as a clear example of the sulfur isotopic con 


The total variation found in galena from southeast Missouri is 


position of mineralizing solutions changing consistently throughout its growth 
from heavier (S*2/S** = 22.0) to lighter (S**/S** = 22.2). This can only be 
considered a local phenomenon however. In detail the sulfur isotopes do not 
follow the lead isotopic composition in any regular way. 

Pyrite and interstitial native sulfur from Cerro de Pasco, Peru (2) shows 
the native sulfur to be 0.27 percent lighter than the pyrite. The difference is 


in the opposite direction to be fractionation due to equilibrium between the 
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oxidation states of sulfur involved and is 
isctopic variation due to change in c 
solutions. 


most likely another example of 
Mposition isotopically of the mineralizing 
Successive mineralization does not of course always mean isotopic changes 
in the mineralizing solutions Distinctly early pyrite has been reported to 
occur with later sulfide mineralization in the Upper Mississippi Valley (R. 
Garrels, private communication ). Samples of concentric growths of sulfides 
from both “flat” and “crevice” deposits were obtained from the northwestern 
Illinois Pb-Zn district. 
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FIGURE & - SKETCH OF CONCENTRIC SULFIDES AND 
THEIR Ratios FROM NORTHWESTERN 
ILLINOIS Pb-Znm DISTRICT 


Specimen A (Fig. 8) from the “ 


flat and pitch” deposit consisted of su 
cessive bands of early 


sphalerite with contemporaneous galena (HS34 and 
HG199) and a later marcasite layer (HM6) external to the sphalerite. The 
sulfur in the early sphalerite 


and galena was essentially the same and the 
later marcasite was only slight] lighter 


Specimen B also consisted of growth layers of sphalerite with a discon- 


marcasite enclosed within the middle layers 
of sphalerite. Galena mineralization was contemporaneous with the succes 
sive layers of sphalerite but persisted later than the sphalerite in depositing 
crystals external to the outermost sphalerite layer. The marcasite and sphal- 


tinuous layer of soft spheroidal 
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erite layers gave the same sulfur ratio but the galena sulfur was 0.5 percent 
lighter during the latest crystallization. 


TEMPERATURE OF FORMATION FROM SULFATE-SULFIDE EQUILIBRIUM 


The use of isotopic equilibrium as an indication of temperature has been 
used by a number of investigators. Urey and co-workers (23) first applied 
the carbonate-water O'* equilibrium to biogenic paleotemperatures and Clay- 
ton (4) used the quartz-carbonate equilibrium to indicate the temperature 
of mineralization 


TABLE 5 


PARTITION FUNCTIONS AND EQUILIBRIUM CONSTANTS FOR VARIOUS 
EXCHANGE REACTIONS FROM 0 TO 1,000°C 


| kK O K K oOo kK 
Ter 
( 
HS HS SO, PbS SO." PbS SO. S- SO.7/S* 
0 1.0540 1.0149 roa7s 1.1074 1.0099 1.0965 1.0145 1.0149 9996 1.1074 1.000 1.1074 
10465 1.0143 1.0428 1.0876 1.0084 10125 1.0133 9799) 1.0876 1.000 1.0876 
0 1.0417 1.0120 1.0293 10769 14% 1.0692 1.0109 1.0120 9989 1.0769 | 1.000) 1.0769 
10 1.0429 1.0100 1.022 1.06005 (1.0055 1.054) 1.0084 1.0100 9984 (1.0605) 1.000 1.0605 
250 1.018 1.0064 101278 1.0446 1.0029 1.0406 1.0045 (1.0063 (1.0336) 1.000 1.0446 
1.00903 1.0045 1.0058 1.016 1.0149 1.0021 (1.0045 9986 1.0162 1.016 
1000 1.0015 1.0021 1.0062 1.0005 1.005 1.0008 1.0015 9994 1.006 1.000 1.006 


It appeared worthwhile to examine the sulfide-sulfate equilibria under 
hydrothermal conditions with regard to geologic thermometry to see if differ- 
ences existed since two deposits under study contained both phases. This 
was also investigated by Sakai (16) who estimated temperaure for several 
hot springs and mines in Japan. Partition function ratios for galena, sulfide 


ion and sulfate ion have been calculated at various temperatures after the 
method of Urey (22) and Tudge and Thode (21). These are given in 
Table 5 and can be compared with Sakai (16). The SO,/S* equilibrium 


constant is plotted in Figure 9 
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TABLE 6 
SULFUR Isotopic ComposiTiION OF COErXISTING HYDROTHERMAL SULFATE 
AND SULFIDE MINERALS IN THE SOUTHEAST MissourR! District 
AND THE HANAOKA MINE, JAPAN 
A. & Mi t 
HBa 3 Barite, Potos 21.51 31.5 1.029 
HG 192 Galena with HBa 3 22.15 Poe 
HBa 7 Barite, Potosi Fn Pot 21.72 22.1 1.018 
HG 204 Galena with HBa 7 22.12 41 
HBa 4 Barite, Potosi-Emine itact 21.60 +27.5 1019 
Richwoods 
HG 202 Calena with HBa 4 2201 + 90 
HBa 1 Barite, Eminence Fn Shirley 21.49 +324 1.028 
HG 151 Galena with HBa 1 22.11 45 
HBa 6 Barite, Eminence Fr Decat 21.63 26.1 1.022 
HG 203 Galena with HBa 6 22.11 4 
HBa 8 Barite, Eminence Fm., Potos 2147 33.4 
HBa 9 Barite (secondary) with HBa & 2144 4 | 1026 
HG 205 Calena with HBa 22.03 
Average Fractionation Factor 1.024 
Max m Temperature 445°C 
Har ka Mine, T par 
HGy m 21.46 1014 
HCp 26 Chak rite “ ed wit! 22.18 14 
HGy § 
HGy Gyp te 21.78 194 1016 
HG 236 Gale Sse te Hie 2214 
HGy 4 Gyt enter of k ore 21.76 20.3 1.018 
HG 280 G te Hie 4 22 16 2% 
HGy 7 (sypsum mar f f k 21.92 13.1 1009 
re body 
HG 237 Crale with He 211 4 
Ave } n Factor 1.014 
Max I Temperature 550° ¢ 
ec. 19 
Several suites of specimens of coe isting hydrothermal sulfate and sulfide 
minerals occurring together were selected fy m Southeast Missouri and the 
Hanaoka Mine, Japan (Table 6 The fractionation factor will indicate the 
temperature of crystal formation if the system is at equilibrium. Inequi- 
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librium between minerals forming simultaneously from a common solution 
would result in the calculated temperature being too high. The average 
fractionation factors observed indicate 345° C and 550° C for the hydrothermal 
temperatures at southeast Missouri and Hanaoka, respectively. These are 
almost certainly too high even for maximum temperature. If the highest 
fractionation factor is accepted then the maximum temperature would be 
295° C and 445° C. Decrepitation temperatures (by T. Takahashi and 
Ault, unpublished) for some southeast Missouri minerals were: HBa3 barite 
275° C, HBa8 barite 275° C, HG192 galena 300° C and HG205 galena 
245° C. These temperatures do not include the pressure correction; there- 
fore it is concluded that the mineralization in southeast Missouri occurred 
at a temperature less than 335° C. 

The Hanaoka specimens are gypsum and sulfides from the Ochiaizawa 
deposits, Akita prefecture, Japan. The geological setting for the samples is 
reported elsewhere (1). The “Kuroko” or black ore replacement deposits 
in Tertiary shales and tuffs have been described by Kinoshita (12) and 
Kato (11). The mineralization took place in successive stages: silicification, 
pyritization producing the yellow ore (pyrite and chalcopyrite), and formation 
of the black ore. The latter is an intimate mixture of galena, sphalerite, and 
barite. Gypsum both nearby and at some distance from the ore body and 
intimately mixed with sulfides appears to have formed contemporaneously 
with the kuroko. In the Hanaoka Mine, anhydrite is limited to the deepest 
level (6th) where it forms aggregates in parts of the gypsum. The deposits 
are always associated with liparite or andesite effusive rocks. The results 
indicate higher temperatures than expected for this type of deposit and in 
dicate that equilibrium was not attained. The best that can be said here is 
that the temperature was probably lower than 445°C. It is also possible 
that the gypsum formed considerably later than the sulfides. Chalcocite, 
goethite and gypsum minerals were thought to indicate a temperature less 
than 100° C (12). Isotopic equilibrium temperatures for other sulfide- 
barite suites gave temperatures 170-340° C (16). 


CONCLUSIONS 


1. Most, if not all, sulfide ore solutions have their immediate origin in the 
crust of the earth rather than the mantle 

2. Hydrothermal solutions derived from magma chambers have a narrow 
range of sulfur isotopic composition, but the mean value of the S**/S* ratio 
may lie above or below the crustal average of 22.13 depending on the sedi- 
mentary sulfide to sulfate ratio in the crustal volume that has been melted. 

3. Hydrothermal solutions from restricted sources in the shallow crust 
show a wide range of sulfur isotopic composition. This is typical of the 
Mississippi Valley type deposits. 

4. There is no evidence for appreciable fractionation in the transportation 
or crystallization processes. 

5. Sulfur associated with normal leads tends to show a restricted range of 
isotopic composition whereas galenas showing anomalous leads generally 
carry a highly variable S*?/S* ratio. 
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6. Sulfate-sulfide equilibrium in hydrothermal solutions can potentially 
temperature of formation if equilibrium can be demon- 
sulfide pairs from the southeast Missouri 
gave apparent temperatures that were highly 
variable. Even the lowest calculated temperatures in these cases are prob 


be used to estimate 
strated. Measurements on sulfate 
and H inaoka, Japan, depx sits 
ably too high, indicating lack of equilibrium, 
/. Sulfur isotopes may be used in 


1 some situations to determine whether 
or not a deposit is derived 


from a deep seated magmatic source or from a 
restricted source in the upper crust. They 
ore channels and sources in the Mississippi \ 


conditions, 


may also be used to distinguish 
‘alley type deposits under certain 
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ABSTRACT 


The north-central Connecticut of this paper is an area of about 640 
square miles extending from the Connecticut-Massachusetts State line 
south to Middletown. It is underlain by unconsolidated deposits of Pleis 
tocene and Recent age, which mantle an erosional surface formed on con 
solidated rocks of pre Triassic and Triassi re. 


lhe unconsolidated deposits include ground moraine and glaciofluvial, 


glaciolacustrine, and eolian deposits. The ground moraine (till) occurs 
throughout most of the area but yields only small quantities of water. The 
glaciofluvial deposits comprise sand, silt, and some gravel of ice-contact 
and outwash-plain origin and range in thickness from less than a foot to 
more than 150 feet. These deposits store large amounts of water and yield 
250 to 600 gpm (gallons per minute) to industrial and irrigation wells 

The glaciolacustrine deposits consist of varved clay and silt with a 
capping of sand of fluvial origin. The clay and silt are essentially im 
permeable. They confine water in underlying outwash deposits, and also 
hold up perched water in overlying fluvial sand. 
as 100 gpm to a properly constructed well. 


ay 


The sand yields as much 


lhe consolidated rocks are sandstone and shale, interbedded layers of 
basalt, and crystalline rocks. On the average. these rocks yield 10 to 15 
gpm to wells, but the sandstone and shale yield larger quantities, as much 
as 550 gpm, to a few wells 
1 Publication authorized by the Director: U. S 


Geological Survey and Director: Conne 
t State Water Resources Commissior 
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The ground water in north-central Connecticut is of the calcium b 


carbonate type, has a low mineral content, and is suitable for most put 
pose lhe sandstone and shale generally yield moderately hard to very 


hard water. 
INTRODUCTION 


Tue need for increasing quantities of water is spreading to all sections of 
Connecticut. The expansion of industry, the principal economic activity in 
Connecticut, into the suburbs and the present trend toward suburban living, 
coupled with a greater per capita use of water have created a greater demand 
for water outside urban areas served by public water supplies. This newly 
created demand is fast approaching the point where it will be the controlling 
factor in Connecticut's industrial growth. Agricultural users of water, par 
ticularly the growers of tobacco and vegetables in the Connecticut River val 
ley, have realized that peak yields can be obtained by supplemental irrigation, 
thus further adding to the demand for water in Connecticut. As surface- 
water sources are already allocated, basic data are needed to guide the search 
for new sources of ground water, and research on the fundamental principals 
of ground-water hydrology is needed to aid in the recovery and proper utiliza 
tion of ground water. Definitive investigations of the occurrence, availability, 
quantity, and quality of ground water in Connecticut are being made by the 
U. S. Geological Survey in cooperation with the Connecticut State Water 
Resources Commission. This paper summarizes the results of the coopera- 
tive ground-water investigations in north-central Connecticut. The investi- 
gation was planned primarily to provide basic data on the availability of large 
supplies of ground water for the irrigation of the tobacco and vegetable crops. 


LOCATION AND GENERAL FEATURES OF THE AREA 


The area termed “north-central Connecticut” in this paper includes about 
640 square miles, largely within the Connecticut River lowland, extending 
from the Connecticut-Massachusetts State line south to Middletown (Fig. 1). 
It is mostly within Hartford County but includes the towns of Ellington, 
Somers, and Vernon in western Tolland County and the towns of Cromwell 
and Portland in northern Middlesex County. The important industrial di 
trict of Hartford and East Hartford is about at its geographical center. (ut- 
side this industrial district much of north-central Connecticut is devoted to 


agriculture and is the most intensely developed farming section in the state 
Tobacco and vegetables are the principal crops, the soil and climate of the 
Connecticut River valley being especially adapted to the growing of the finest 

rea is a broad, flat lowland dotted by numer 


} 


cigar leaf tobacco Most of the ; 
ous small. low hills. Its western border is a series of discontinuous ridges of 
basalt. Its eastern edge is part of the eastern cry stalline upland of Connec 
ticut. 

GEOLOGY 


Considerable geologic work has been done in north-central Connecticut 
under the direction of the State Geological and Natural History Survey and 
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the several universities in the state. The bedrock units have been mapped 
and described by numerous workers since the turn of the century. Systematic 
studies of the glacial deposits were begun by R. F. Flint in 1927 under the 
sponsorship of the State Geological and Natural History Survey and have 
continued intermittently to the present. The published geologic work was 
consulted freely during the course of the ground-water investigation, as well 
as a number of unpublished field maps made available through the generous 
cooperation of Prof. Flint and of Messrs. R. E. Deane, J. W. Peoples, G. E. 
Collins, and Norman Herz. 
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Fic. 1. Map of Connecticut showing the area described in this paper. 


The existing maps of the bedrock units in the area were found to be 
sufficient for an interpretation of the ground-water resources. Reconnais- 
sance geologic mapping of the surficial deposits was done by the writer and 
was specifically directed toward an understanding of the ground-water con 
ditions. 


Stratigraphy 


The bedrock units in north-central Connecticut include metamorphosed 
igneous and sedimentary rocks of pre-Triassic age and sedimentary and ig- 
neous rocks of Triassic age. The pre-Triassic rocks, here termed “crystalline 
rocks” from their general texture, include the Middletown gneiss, Glaston- 
bury gneiss of Gregory (6, p. 114-120), and the Bolton schist. The Triassic 
sedimentary rocks include the well-known arkoses, shales, and conglomerates 
of the Newark group. The igneous rocks of Triassic age, locally known as 
trap rock, consist of three distinct flows of basaltic lava. 
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The bedrock is overlain unconformably by Pleistocene and Recent de- 
posits. In order of age from oldest to youngest they include till and glacio- 
fluvial and glaciolacustrine drift belonging to the Wisconsin stage of the 
Pleistocene, and eolian and alluvial deposits of Recent age. The general 
lithology of the geologic units is discussed in a later section on ground-water 
occurrence and the mode of origin is discussed in the following summary of 
geologic history. 


Geologic History 


After a long period of sedimentation and volcanic activity in Triassic time 
and several later periods of uplift and erosion, the ancestral Connecticut 
River was gradually entrenched to a depth of about 100 feet into its broad 
valley floor of Triassic sedimentary rocks (Fig. 2) in north-central Connec- 
ticut. The present Connecticut River occupies this same entrenched channel 
in the stretch of river from Middletown north to Hartford. However, in the 
20-mile stretch from Hartford to the Massachusetts State line, recorded logs of 
deep wells and borings reveal that the present course of the Connecticut River 
lies as much as 2 miles west of its former course. The present river channel 
at an altitude of about 40 feet is almost continuously rock-walled in the 6-mile 
stretch from Thompsonville to Windsor Locks, whereas the borings indicate 
that the rock bottom of the former channel in this same stretch is more than 
100 feet below mean sea level (Fig. 2). The former channel now is filled 
and concealed by sediments of late glacial age. Its presence was recognized 
and described by Flint (4), and on the basis of data from borings he prepared 
a generalized contour map of the bedrock surface showing the trend and con- 
figuration of the channel. Although based on the very few records that 
were available at the time, there is a remarkable agreement between Flint’s 
map and a more recent map of the bedrock topography prepared from data 
collected during the current (1956) ground-water investigation. 

The passage of one or more ice sheets across north-central Connecticut 
greatly altered the preglacial topography. An extensive blanket of residual 
soil and rotted rock was removed, and the exposed bedrock surfaces were 
smoothed, polished, and locally scoured. The resistant crystalline gneisses of 
the uplands and the Triassic lavas were rounded, smoothed, and polished, 
and the less resistant Triassic sediments were abraded and scoured. The 
most notable evidence of glacial scour in north-central Connecticut is the 
apparent overdeepening of the preglacial channel of the Connecticut River. 
Numerous test wells and borings show that bedrock in the center of the 
buried channel is more than 100 feet below sea level in the stretch between 
Thompsonville and East Hartford, that it reaches a maximum of more than 
200 feet below mean sea level in the East Hartford area (Fig. 2), but that it 
rises again to about 100 feet below mean sea level at Middletown. Thus the 
existence of an elongate rock basin or “deep” is indicated and is believed to be 
the result of glacial overdeepening. The site of this deep is especially favor 
able for an interpretation of ice excavation, because immediately to the scuth 
the relatively broad lowland is constricted by resistant walls of Triassic basalt 


| 
| 
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on the west and of crystalline rock on the east. This constriction conce ntrated 

the moving ice mass and favored high velocity of flow, greater thickness of 

ice, and hence deeper scour. 

Debris transported by the ice was deposited over the bedrock as a veneer of 


ground moraine that filled existing depressions in some areas and formed 


drumilin hills in others. 
Mice 
\ 
Fic. 2. Map showing the contour of the buried bedrock surface in north central 


( onnecticut 


\ccording to most recent views, the ice sheet eventually disappeared from 
the area by stagnation and melting. Whatever the mode of dis ippearance, 
it is evident that early Stage f ice wastage were accon panied by flow of 
meltwater through interconnecting openings in the ice or between ice and the 


‘ 
fe 
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valley walls and resulted in the formation of several types of stratified glacio- 
fluvial deposits at successively lower levels. Owing to the localization of 
larger meltwater streams on the eastern side of the area, the bulk of the glacio- 
fluvial deposits were formed along the eastern side of the Connecticut River 
lowland and at its southern end. A bulky mass of this drift filled the Connec- 
ticut River trench below Rocky Hill and formed an effective dam to the 
drainage in the southern part of the area which had an important effect on 
the later history of the region. 

As the ice melted back to the north, a large body of meltwater accumu- 
lated in the extensive basin between the receding ice front and the drift dam 
at Rocky Hill. This body of water, termed Hartford Lake by Flint (5), 
extended over half the north-central Connecticut area and persisted for a 
considerable time—perhaps several thousand years. It received a‘ great vol- 
ume of sediment from numerous tributary streams, the finer grained sedi- 
ments accumulating on the lake bottom as varved clays and silts and the 
coarser sand and gravel along the margin as shore deposits. The lake-bottom 
deposits are more than 300 feet thick in the East Hartford area. In the areas 
where the tributary streams entered the lake, relatively thick deposits of sand 
and gravel were built as deltas into the body of open water, where they 
commonly overlie or grade into the varved clay. The draining of Lake 
Hartford eventually was accomplished by a breaching of the drift dam at 
Rocky Hill. As the late waters shoaled, tributary streams cut into the sedi- 
ments of the delta and shore areas, carrying the sand farther out in the lake 
and distributing it as a blanket over the clay. 

The pre-lake topography was altered greatly by the deposition of the 
lake-bottom sediments, and as a result the postglacial Connecticut River was 
unable to return exactly to its former channel. It followed the lowest parts 
of the lake bottom, which corresponded closely with the former river course 
in the southern part of the area below East Hartford but was widely divergent 
in the region north of East Hartford. In this region the river, crowded west- 
ward by the delta of the glacial Chicopee River, was forced to occupy the 
previously mentioned high-level bedrock trough in the section between Thomp- 
sonville and Windsor Locks. It was forced to maintain a relatively straight 
course in this section but followed a more sinuous path to the south, eroding 
the lake deposits into several low terraces and benches, the surfaces of which 
were veneered with reworked portions of the original sand mantle. Recently 
the river has gradually adjusted to its present course and its flood plain has 
heen veneered with alluvial deposits of fine sand and silt The lake-bottom 
deposits and some of the glaciofluvial deposits have been mantled with eolian 
deposits ranging from a fairly gene ral thin layer of fine silt or loess to typical 
dunes of medium to fine sand. 


GROUND WATER 
Water-Bearing Properties of the Geologic Units 


On the basis of their capacity to yield water to wells, the geologic units ot 
the north-central Connecticut area can he divided into two classes—those 
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1 have more or less continuous interstices for the 


water, and those that 
other narrow 
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id it d 


T he to 


are consol 


openings. 


ind yield 
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are 


most important water-yielding r in the area and include the previously 
mentioned till, glaciofluvial, and glaciolacustrine deposits. The eolian de 


posits and alluvium are less it 


water table and therefore a 


Till.—Till is the oldest 


directly overlies the consolid 


surficial material over most 


of the lowland that are abov 


over about one-fourth of the map area. 


lac 
iliac 


lain by ycunger 
1 


ial drif 
an unsorted mixture of clay 

Two types of till are re 
rather compact clayey till « 
a gray-brown, rather loose 


thickness ranges between ra 


Till in north-central Connecticut is a rather por 


| 


portant, as the former commonly 


Iry and the latter has a low pe 


above the 


rmeability. 


‘nconsolidated Di posits 


t the unconsohdated deposits and, where present, 
dated bedrock. As shown in Figure 3, it is the 


of the eastern upland as well as over thos parts 
e altitudes of 150 to 200 feet Thus it is exposed 


Elsewhere in the lowland it is over 


t and Recent deposits. In general, it consists of 
, sand, gravel, and boulders 
cognized in north-central Connecticut—a reddish, 


lerived from the Triassic sedi 


rocks and 


Its 


ther wide limits but is commonly less than 30 feet 


mentary 
sandy till derived fr 


the crystalline rocks. 


ir water bearing n 


iterial, 


as it consists of unsorted rock materials predominating in the finer grain sizes 
However, as it occurs widely in the hilly and upland areas, it is the source of 
supply for many farms and rural homes. It absorbs and holds ay preciable 
quantities of water from precipitation, which it yields slowly to wells having 
a large infiltration surface, the average yield being 2 or 3 gpm | 


minute The seasonal fluc 


tuation of water levels in till 


commonly & to 
10 feet, and in places more, and some wells in till fail during dry seasons 
The greater demand for water in the modern rural home has resulted in 
less and less dependence upon till as a source of supply. 

Glaciofiuvial Deposit Unconsolidated glaciofluvial deposit together 
with deltaic deposits to be described later, are potentially the most it portant 
water-bearing rocks in the are They i1 le deposits of ice-contact origin 
in the form of kame, kame terrace ind crevasse fillings d proglacial de 
posits in the form of outwash plains and valley trains. They are « posed 
extensively in north-central Connecticut along the eastern irgin ar t the 
terminus of a waning ice lobe or lobes that upied the vland (Fig. 3) 
Within these areas, the high-leve deposits are ostly of ice-contact origin: 
they are particularly well exposed in the eastert part of the tow: . Glaston 
bury and Manchester, south of the village of Broad Bre in the town of 
East Windsor, and in the eastern part of the valleys of the Scantic River and 
jroad Brook in the towns of Somers and Ellington. They cr t largely 
of sand and some gravel and silt. They were deposited fr elt-waters 
which fluctuated rapidly in volume, velocity, and direction, and therefore they 
vary considerably in degree of sorting and size of grain. Characteristically 
individual beds are fairly well sorted but there mav be abrupt changes in grain 
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e between beds. Crossbedding, scour and fill structures. and evidences of 
umping are mi The rock fragments were derived predominantly 
rom Tr th ( t ice-contact deposits have a red or 
pink color. Outwash-plain and lley-train deposits generally lie at levels 
below those of the ice-contact deposits, although upgradient they may overlie 
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or grade into the ice-contact deposits. The outwash-plain and vallev-train 


deposits occur extensively along the eastern margin of the Connecticut R ver 
lowland from Glastonbury north to East Windsor and in the center of the 
Scantic River and Broad Brook valleys in Som: rs and Ellinetor Thev also 
underlie and form the bri id plain in Cromwell and the flat-topped terraces east 
of the Connecticut River in Glastonbury and Portland. They consist pre 
dominantly of nearly horizontally bedded sand and some silt and a little 
gravel The cor tituent materials are better orted than the ice-cont ict 
deposits and are generally finer grained. The upper beds commonly consist 
of sand and gravel and the lower beds of sand and silt, which arrangement 
sometimes gives a false in pression of the coarseness and permeability of the 


deposit as a whole. 


Materials belie ved to he outwa or Ney train det occur in the 
bottom of the buried channel of the Connecticut Rive r. They commonly lie 


imn ediately above t} 2 bedr« cl nd are covere d hy a cor sider ible thi knece 
of lake-bottom sediments. Little is known of their composition and extent. as 


the records of most wells which have penetrated them lacl sufficient detail 


to he of mut h assist ince at 1 fey imple } ve nN vilahle fer i! 
The few available records indicate that this hodw of huried drift. here d g 
nated outw ash, is discontinuou ind is highly variable in ompositior nd 
thickness In most places it consists of gravel and sand but in 1 few place 


wells report penetrating niv silt and fine nd It appears to have a maxi 


mum thickness of about 20 feet. but a number of welle 1 e encountered no 
coarse material between the clav and the bedrocl It is believed to have been 
deposited from melt-water streams flowing heneath the ice lobe that oc: cnted 
the valley before the existence of Hartford Take 

The thickness of glaciofluvial deposits in north-central C mnacticnt 3 
highly variable, recorded thicknesses ranging from a featheredee te mare #1 an 
2M feet Commonly thev are thickest where the. verlie buried valle : 
the bedrock or at the outer edges of terraces that flank the valley wall 

Because of their wide distribution a< denneite «: d their generally 
permeable nature, glaciofluvial deposits absorb and tranemit 1- rge quantitie 
of water from rainfall and snowmelt. They are commonly «caturated for 
nuch of their thickns the depth to water rangvine fror hout 1 foot to ae 
than feet. uenally denendinc n the surface topoeranhy As far 
known, there are no included impermeable beds or laver of great lateral 
extent within the glaciofluvial deposits, so that where they are exnnced at the 
surfac water-table conditior venerally exict in the: Minct af the larcve 
capac itv wells jr the nort} entral Connecticut rea obtain wu ter thaes 
de posits The se wells generally rance in dent} feam 45 tn OO feet and a " 
penetrate nearly the full thickne of the aanifer. The chief watecteactns 
materials are the heds of car d and eravel. whicl re variable in extent thicl 
ness and de gree of sorting nd thus the vield« + individual welle are hich! 
variable. The coarser hed mmonly vield from 250 to 600 or: to a prot 
rly constructe we 1] Fy r evamnis tu miinicinal ly welle of the M 


chester Water Denartment whict re of gravel-wall construction vield 450 
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gpm and 560 gpm, respectively. These wells have a specific capacity (yield 
per foot of drawdown) of 19 and 20 gpm per foot, respectively. They are in 
separate areas but both are near streams. A gravel-wall well in South Wind- 
sor which furnishes water for the ir 


rigation of tobacco is reported to yield 450 
gpm and to have a specific capacity of 16 gpm per foot. Because ice-contact 
ceposits contain a larger number of beds of gravel and coarse sand, they 


normally yield larger supplies than outwash-plain deposits, which though well 
sorted are composed predominantly of fine-grained materials. For example, 
an irrigation well drilled in outwash plain deposits in Manchester has a re- 
ported yield of 250 gpm and a specific capacity of 10 gpm per foot. 

As far as is known, all the exposed glaciofluvial deposits are in hydraulic 
continuity with adjacent bodies of surface water. Thus, where wells are 


lex ated near these sources of rec } arge, \ rT Ids may he sustained for long periods. 


Little is known of the water-yielding capacity of the buried outwash de- 
posits in the center of the buried channel of the Connecticut River, but they 
may be a potential source of substantial water supplies. Only two large- 
capacity wells are known to obtain water from this outwash, but a number of 
other small domestic wells in the channel area have reported penetratin 
deeply buried coarse materials. The two large-capacity wells mentioned 
furnish water to industrial plants in East Hartford and obtain water from 
about 20 feet of sand and gravel after passing through about 200 feet of lake- 


‘ 


bottom deposits These wells vield 250 gpm and 500 gpm, respectively. The 
water in the buried outwash is under artesian pressure, but the wells do not 
flow. Problems in the development of water from buried outwash concern 
the extent of the aquifer and the source of recharge to the ground-water body. 
If the area of outwash is limited or if the overlying clav blanket limits re- 
charge to the body, the water may be “mined out” in a short period of time 
Controlled pumping tests should be run in order to determine the long-term 

yield before plans are made for long-term use 
Because of the highly variable nature of glaciofluvial deposits in north- 
central Connecticut, any large-scale well development in the area of their oc- 
currence should be preceded by a well- 
ld 


lanned test-drilling program in order 
to locate the most favorable water-vielding beds. 

Glaciolacustrine Deposits —The deposits having by far the widest distribu- 
tion in north-central Connecticut are those of glaciolacustrine origin. They in- 
clude the bottom and shore deposits of Hartford Lake and the delta deposits of 
tributary streams entering the lake. They occur as surficial deposits throug! 
out the Connecticut River lowland below altitudes ranging from about 80 feet at 
the south to 150 feet at the north. They overlie till or bedrock and glacio 
fluvial deposits are overlain only by scattered alluvial and eolian deposits. The 
lake-bottom deposits consist quite uniformly of red and gray varved clay and 


silt in horizontal beds, normally with a capping of medium and fine fluvial 
sand. The clay may grade upward into the sand or there may be an abrupt 
break between the two The near-surface clays are commonl\ gray but grade 
downward into red clay and silt at depth. The thickness of the lake-botton 
deposits ranges from a featheredge to 250 feet or more, generally depending 
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upon the altitude of the underlying bedrock surface. The deposits are thin- 
nest where they overlap the flanks and crests of bedrock hills and are thickest 
where they overlie the buried former channel of the Connecticut River. 

The delta deposits occur along the margin of the lake as fan shaped ac- 
cumulations extending outward from the mouths of tributary streams. By 
far the most spectacular delta in the north-central Connecticut area is the broad 
sand plain deposited by the waters of the late glacial Farmington River in 
Windsor and Windsor Locks. Other sizable deltas are present in Enfield 
and Manchester where the Scantic and Hockanum Rivers, respectively, entered 
the lake. They overlie and inte rfinger with the lake clays and gene rally grade 
outward into the fluvial sand that overlies the clay. They generally consist 
of beds of well-sorted buff-colored sand and some beds of gravel. The con- 
stituent materials are usually well sorted, the coarser grained materials occur- 
ring near the delta surface and near its apex, the finer materials grading out- 
ward from these areas. Individual beds of gravel and coarse sand are gen- 
erally continuous over short distances, whereas bodies of finer sand may be 
relatively uniform over long distances. The thickness of deltaic sediments 
depends upon their position with relation to the apex of the delta and the 
topography of the buried surface. They are usually rather thick, reaching 
a reported maximum of about 100 feet in the Farmington River delta. 

Some of the glaciolacustrine deposits are important water-bearing units in 
north-central Connecticut. The varved clay and silt unit of the lake-bottom 
deposits is essentially impermeable, and no wells are known to obtain water 
from it. However it has a significant bearing on the ground-water hydrology 
of the area for the reason that it occupies a large volume that otherwise might 


constitute an important source of recoverable water. It serves to limit 
vertical movement of water. confir ing water in the underlying outwash and 
holding up a body of perched water in the overlying sand. The overlying 
sand therefore is rendered useful as a water-producing horizon. Even though 
the sand rarely attains a thickness of more than 25 feet, by reason of the 
highly permeable nature of its exposed surface, the flatness of the land surface 
in its area of outcrop, and the relatively impermeable base on which it rests, 
it is generally saturated for fully two-thirds of its thickness. This included 
water is yielded rather freely to wells. The sand commonly will yield up to 
100 gpm to a properly constructed well. A large number of shallow gravel- 
wall wells supply process water to industries in the East Hartford area from 
the glaciolacustrine sand. The sand is especially suited to the development of 
well fields consisting of gangs of well points, owing to the ease with which 
these points can be driven. For this same reason the deposit is exceptionally 
well suited for the development of rural water supplies from dug and driven 
wells. Extreme care is necessary in the construction and development of the 
larger capacity wells to insure that fine sand is prevented from entering the 
well or clogging the screen. 

The deltaic deposits are one of the most important potential water bearing 
units in north-central Connecticut. They present a highly permeable surface 


for the absorption of precipitation and their considerable extent and thickness 
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provide a large volume of permeable material for the storage and transmission 
of ground water. Most of the large-capacity wells known to obtain water 
from deltaic deposits are in Bloomfield, Windsor, and Windsor Locks—the 
area underlain by the Farmington River delta. Three gravel-wall wells at 
Bradley Field in Windsor Locks yield an average of 300 gpm apiece from 
sand and gravel beds of the delta. A well of similar construction installed 
for industrial use in Windsor is reported to yield 1,200 gpm. This well is 


believed to have the highest yield of all the so-called gravel-wall wells in 


north-central Connecticut. The water table in the delta deposits is usually 
less than 30 feet below the land surface, except in the vicinity of the deeply 
incised stream valleys that are common on the delta surface. 

Eolian and Alluvial Deposits —Eolian and alluvial deposits form a thin 
veneer over the other rocks of the area. Neither is important as a source of 
ground water. The eolian deposits occur as thin beds of buff silt or loess or 
as dunes of coarse sand. They commonly lie above the water table and 
therefore contain no recoverable water. However, they are important as 
they absorb large quantities of rainfall and transmit it to the water table. 
The alluvial deposits immediately underlie the Recent river flood plains 
They are widely distributed in the main valley of the Connecticut River but 
are of limited extent in the valleys of tributary streams. They generally 
consist of fine sand and silt. Because of their low permeability, limited 
thickness, and position in areas subject to flooding they are little used as 
sources of ground-water supplies. 


Consolidated Rocks 


The consolidated rocks in north-central Connecticut commonly yield only 
small supplies of ground water but are important in that they underlie the 
entire area and generally yield sufficient water for domestic use. They in- 
clude the crystalline rock of pre-Triassic age and the sedimentary and igneous 
rocks of Triassic age. 

Crystalline Rocks of Pre-Triassic Age—The so-called crystalline rocks 
are those that underlie the upland areas of Connecticut. In north-central 
Connecticut, they underlie the eastern upland section extending from Port- 
land to the Massachusetts State line. They attain their greatest width in the 
town of Glastonbury. They are separated by a major fault from the Triassic 
rocks which underlie the lowland in the central and western part of the re- 
port area. They uncomformably underlie the Triassic rocks in the lowland 
but because of the great thickness of the Triassic rocks and the high angle 
of the border fault few drill holes are known to penetrate them beneath the 
Triassic cover. The crystalline rocks are a complex of metamorphic rocks 
consisting of schists, gneisses, and quartzites. They have been subdivided 
ped within the north-central Connecticut area by Collins (2), Herz 
\itken (1), but because the individual rock types were found to 
have similar water-bearing characteristics they are not subdivided for the 
purposes of discussion in this paper. All are relatively hard and d 


and may 
7 1 


(7), and 


lense, but 
near the land surface they are jointed and otherwise fractured. Fractures 
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that yield useful quantities of water to wells extend no more than a few hun- 
dred feet below the surface; those which extend deeper are fewer and tighter 
and are not promising sources of water. 

Because the crystalline rocks underlie an upland area that has only rela 
tively impermeable till as a surface deposit they are important as a source of 
rural domestic water supply. The amount of water supplied to an individual 
well is small, so the rocks are relatively unimportant as a source of water for 
industry and municipalities. Recoverable ground water occurs in intercon 
nected joints and other small fractures and its presence or absence is difficult 
to predict before drilling. The yield to an individual well depends upon the 
number and size of openings of the fractures encountered by the well bore 
Reported yields of drilled wells in crystalline rocks range from less than 1 
gpm to 60 gpm and average about 12 gpm. The average specific capacity 
of these wells is 1.5 gpm per foot. The zone of water-bearing fractures gen 
erally extends to about 200 feet or less in crystalline rocks, although a few 
wells obtain water from greater de pths. 

Sedimentary and Igneous Rocks of Triassic Age.—The sedimentary and 
igneous rocks of Triassic age form the bedrock in most of the north-central 
Connecticut area. The sedimentary rocks underlie all the valley area, and 
the igneous rocks underlie the prominent ridges within the valley. The 
igneous rocks crop out widely, but the sedimentary rocks commonly are con 
cealed by glacial deposits. The sedimentary rocks form a wedge Pp 
isa which thickens in an easterly direction. They consist essentially of 
indurated arkose, shale, and conglomerate, the « onglomerate unit occurring 
mostly along the eastern border of the Triassic area. In general shale pre- 
dominates in the area west of the Connecticut River and arkose predominates 
in the much larger area east of the river. The igneous rocks consist. of 
basalt which was formed in three distinct lava flows separated by sediments. 
The sediments and the lava flows dip eastward a 1 average of about 15 degrees 
and are broken by a number of extensive ieeual? aults that have resulted in 
a pronounced offsetting of the rocks in the area between Hartford and Crom- 
well. They are transected also by numerous secondary openings such as 
joints and openings along bedding plan: 

Water in the Triassic rocks aaa: is contained in and moves through 
secondary openings such as joints and fractures. However, in the arkoses 
it is probable that there is movement of water in openings along bedding 


planes also, and perhaps it pore spaces, as these rocks commonly yield larger 


amounts of water to individual wells than other types of Triassic rocks 
Drilled wells in the arkoses yield from less than 1 gpm to as much as 550 
gpm, and the average yield to a properly constructed well is about 75 or 80 
gpm. Thus the rocks under favorable conditions will supply sufficient water 
to meet the normal requirements of a small industry or n unicipality. <A 
number of small villages in north-central Connecticut are supplied from drilled 
wells in arkose in which water-bearing openings persist to greater depths 
than in the crystalline rocks. Water-bearing openings are encountered in 
arkose to a known depth of 450 feet, and the average depth of all producing 


114 R. V. CUSHMAN 


wells is more than 200 feet. For example, the average depth of 44 industrial 
wells in arkose in Hartford is 573 feet and their average yield is 132 gpm. 
Ground-water occurrence and well yields in basalt are much the same as 
those in the crystalline rocks previously described, but the basalt is much 
harder and more difficult to drill. However, because the areas underlain by 
basalt are favored as building sites by persons seeking a high elevation and a 
view, the basalt is tapped for water by a large number of domestic wells. 


Chemical Quality of Ground Water 


The quality of ground water in north-central Connecticut in its natural 
condition makes the water suitable for most uses. The ground water is of 
the calcium bicarbonate type and generally has a low mineral content. Water 
from the sedimentary rocks of Triassic age and from glacial deposits com- 
posed predominantly of materials derived from Triassic rocks is in places 
relatively hard and high in dissolved solids. The concentration of dissolved 
constituents in water from the sedimentary rocks is highly variable and may 
depend upon the local variations in the minerals in the rock itself. The 
concentration of iron also varies considerably from place to place and seems 
to be undesirably high in water from the unconsolidated deposits in scattered 
localities. One of the chief problems related to water quality in north- 
central Connecticut is the contamination of ground-water supplies from streams 
which have been chemically contaminated by industrial wastes. Heavy pump- 
ing from wells located near such streams locally has induced and continues 
to induce contaminated water to percolate into the ground-water body. 


Water Resources Division, 
U. S. GEOLOGICAL SuRVEY, 
Wasuinoton, D. C., 
Sept. 1, 1958 
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ABSTRACT 


Composites of mill feed from North American base metal sulfide mines 
have been analyzed for Co, Ni, Cu, Zn, Pb and S. Co: Ni: Cu: Zn: Pb 
ratios and particularly Ni: Cu:Zn: Pb ratios show similar trends for 
igneous rocks and base metal sulfide ores, when plotted on compositional 
diagrams. Similarities and one difference in trends for rocks and ores. 
and correlation of positions of rock and ore types, support a magmatic 
origin for these ores. Igneous rock types which are associated with these 
ores, show a distribution similar to that for North American igneous 
rocks, along a series of Cu-, Zn- and Pb-rich ores. 


THE distribution of the major metals in sulfide ores is generally well know1 


and closely studied in operating mines. Generally little is known, however, of 


the minor constituents of the ores, and any knowledge is usually qualitative 
in nature, resulting from mineralogic studies or spectrographic determina- 
tions carried out in order to solve smelting or refining problems. Little is 
known of the quantitative distribution of the five base metals, cobalt, nickel, 
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copper, zinc, and lead, when they occur in micro or trace amounts in base- 
metal sulfide ores. 

Most previous research has been done on single minerals or suites of 
individual minerals, and though much is known about the metallic content of 
the individual sulfide minerals, the percentages of these minerals in their 
respective ores, or the metallic contents of the ores have rarely been published. 
Thus, in a given mine, the metallic content of a given mineral may be known, 
but not the trace content of the ore as a whole. 

The present research is a new approach to the investigation of sulfide 
ores, similar to that used with silicate rocks. Whole silicate rocks or com- 
posites of many silicate rocks of the same type were analyzed by early in- 
vestigators, and the individual minerals were not separated for analysis until 
the distribution among the rock types was first determined. However, re- 
search with sulfides has been concentrated on individual minerals and little 
heed has been given the content of the whole ore, instead of following the 
procedure that proved so valuable with silicate rocks. This program is in- 
tended to investigate the chemical changes of large blocks of ore, or whole 
ore bodies if possible, in the hope that knowledge of their elemental content 
may yield information indicative of their origin. 


SAMPLING 


This study required samples that are representative of ore bodies or ore 
types. The best possible sample would be one that is representative of all ore 
accessible through mine openings. Such a sample is collected regularly by 
most mining companies in the form of mill feed composites. These com- 
posites represent large tonnages drawn from many points in an ore body or 
group of ore bodies, and for most mines they show fairly constant base metal 
contents and ratios from month to month. This fairly constant composition 
indicates reproducibility in sampling and a good representativeness of the ore. 
Unfortunately records of variations in mill feed composites from month to 


month are not available from most mining companies, and a measure of these 
variations cannot be given here. However, annually published production 
figures and grades are a good indication of the variability of ore mined and 
may be compared with mill feed composites in order to measure their repre- 
sentativeness 

Mill feed composites, covering as long a period as possible (and therefore 
as large a tonnage as possible ) were requested by the author from leading 
base metal, sulfide ore, mines in Canada and the United States. Forty mill 
feed composites were received for this study. The representativeness of 
most composites was given by the n ining company as a tonnage or time 
period, and in some cases where published production figures were available, 
the time period could be converted to equivalent tonnage. Seven composites 
were received, which did not have any indication of representation. Eight 
other samples were received, which were not mill feed composites. These 
were a one month composite of flotation feed, two composites of exploration 
diamond drill core, two coarse mill feed samples, one mill feed grab sample, 
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TABLE 1 (Continued) 


Repres r 
No Donor Mine Type of sample Remarks 
Time Tons ore 
$6 | Quebec Copper Huntingdon Composite of mill feed | 1 mon 25,000 | Very coarse mill 
Corp. Ltd feed, the waste 
has been rejected 
37 | Quemont Mining Quemont Composite of millfeed 4 yrs 2,800, 000* 
Corp. Ltd 
38 «= St. Joseph Lead ¢ Federal Mil ( ywoxsite of millfeed 5 days 60,000 
”” La Motte Composite of millfeed 5 days 10,000 
40 Sherritt Gordon Lyr Lake Cor ' nillfeed 2 mons 550.000" 
Mines Ltd 
41 | Silver Standard Silver Standard Composite of mill feed | 30 days 1,800" 
Mines Ltd 
42 Sullivan Mining Co. | Star Com te of mill feed | 1 mor 
4 Sunshine Lardeau Sunshine Composite of mill feed 11 days oor 
Mines 
44 United Keno Hill Composite of mill feed | 1 wk 3,000* 
Mines Ltd 
45 Waite Amulet Waite and Composite of millfeed 3 mons 108,000" 
Mines Ltd Amulet 
46 Weedon Pyrite and Weedor Composite of millfeed 2 wks 4.200" 
Copper Corp. Ltd 
47 White Pine Copper White Pine ( posite of mill feed | 72 hrs 40.500 
Co 
48 | Yale Lead and Zine | Yale Composite of mill feed 


Mines Ltd 


and two samples of representative handspecimens. One of the handspecimen 
samples was supplemented by a representative analysis of the ore supplied 
by the mining company. These samples are listed and described in Table 1. 
The Flin Flon mill feed composite and two coarse mill feed samples from 
Schist Lake and North Star mines, Manitoba, have been averaged to represent 
ore bodies in the Flin Flon area. 


SAMPLE REPRESENTATION 


Published ore reserve or production grades and ratios were avzilable to 
the writer for twenty-nine of the mines in Table 1. Comparisons of the 
published and analyzed figures indicate that only samples which represent 
more than 100,000 tons, are representative of their respective ore type. 
Fourteen samples from Table 1 represent more than 100,000 tons, and with 
the Utah and Morenzi samples which were confirmed by the respective mining 
companies, constitute sixteen superior samples. The remaining twenty-nine 
inferior samples represent smaller but significant portions of ore bodies and 
constitute a good sample of that portion of the ore being mined. 


EXPERIMENTAL RESULTS 


Mill feed composites were analyzed for Ni, Co, Cu, Zn, Pb and S whether 
they were present in micro- or macro-amounts. Standard wet chemical ana- 
lytical and spectrophotometic procedures were used for macro- and trace- 
determinations. Zinc determinations on nickel ores were done spectro- 
graphically because a satisfactory wet chemical method could not be found. 

Analytical results are listed in Table 2. Ratios of elements are given 
relative to sulfur values of one hundred. Ratios have been used because 
several mining companies preferred not to have ore grades published for their 
mines. 
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DISCUSSION OF RESULTS 
Relationships Among Copper, Nickel, Zinc and Lead 


Relative abundances of the four elements copper, nickel, zinc and lead in 
sulfide ores and igneous rocks show some relationships of interest. Metallic 
contents of igneous rocks, which have been used in this study, have been 
taken from those published by Sandell and Goldich for North American ig- 
neous rocks (30). 

Copper-Zinc-Lead.—The following relationships can be shown to exist, 
if the weights per cent of copper, zinc, and lead are calculated to one hundred 
percent and plotted on triangular coordinate diagrams for sulfide ores and 
igneous rocks (Figs. 1, 2). 

All ratios of Cu: Zn and Zn: Pb can occur in sulfide ores. Ores in the 
Cu-Zn series have a very low lead content, and those in the Zn-Pb series 
have a very low copper content, except for those that have approximately 
equal amounts of copper and lead. These ores contain appreciable amounts 
of both copper and lead, but consist principally of zinc. Thus copper, zinc 
and lead form a continuous series, which follows closely along the borders 
of the diagram. It is important to note that Cu-Pb ores do not occur in 
this large group of representative ores, nor ores that consist of approximately 
equal amounts of copper, zinc and lead 

The distribution oi points on the igneous rock diagram follows a trend 
similar to that found on the ore diagram. Igneous rocks form a continuous 
series from Cu-Zn through Zn-rich to Zn-Pb types, but do not extend as 
closely to the Cu- and Pb-rich ends of the Cu-Zn and Zn-Pb series. Points 
are concentrated more towards the Cu-rich end of the Cu-Zn series and the 
Zn-rich end of the Zn-Pb series on both diagrams. The points are not 
grouped as closely to the boundaries and there are a greater number of Zn- 
rich combinations on the igneous rock diagram. These two diagrams indi- 
cate that Zn is more abundant in igneous rocks than sulfide ores, relative to 
Cu and Pb, except in the intermediate Cu: Pb ratios where the points are 
displaced away from the Zn corner for rocks. 

Basic igneous rocks are concentrated along the Cu-Zn boundary, and 
granitic rocks along the Zn-Pb boundary and with the Zn-rich combinations. 

The trend of Cu: Zn: Pb ratios is similar for igneous rocks and sulfide 
ores, but the differentiation into Cu-Zn and Zn-Pb types is better developed 
in the ores. 

The point distribution trend remains the same for ores but changes for 
rocks, if mole ratios are plotted for Cu, Zn and Pb. Most acidic rocks shift 
to the Cu-Zn side of the diagram, though they are still concentrated near the 
Zn-rich end. The point pattern and location of three rocks on the Zn-Pb 
side of the diagram still indicate a curved trend from Cu-Zn-, through Zn- 
to Zn-Pb-rich combinations. 

Trends are similar for igneous rocks and ores, when plotted as weight or 
mole ratios 


a 


CONTENTS OF SOME BASE-METAL SULFIDE ORES 121 


Zn 


LEGEND 
samPces 
INFERIOR SAMPLES 


LEGEND 


SUPERIOR SAMPLES 
NFER@IOR SAMPLES 


Fic. 1, A. Cu-Zn-Pb weight ratios in sulfide ores 


B. Cu-Zn-Pb mole ratios in sulfide ores. 
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Fic. 2, A. Cu-Zn-Pb weight ratios in igneous rocks. 


B. Cu-Zn-Pb mole ratios in igneous rocks. 
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Nickel-Copper-Zine.—A distinct grouping of points exists if Ni: Cu: Zn 
ratios for sulfide ores are plotted on a triangular composition diagram (Fig 
3). All of the ores in this study. except five Cu-Ni and two Pb-Zn ores. 
contain only traces of nickel, and are grouped closely along the Cu-Zn boun- 
dary. The two Pb-Zn ores, Federal (11) " and La Motte (21 ), contain 
appreciable but small amounts of nickel, and stand away from the Cu-Zn 
boundary. However, their nickel contents are small compared with their 
Zn, Pb and Cu contents, and they appear to be related to the ores grouped 
along the Cu-Zn boundary rather than to the Cu-Ni-rich group. Cu-Ni ores 
are grouped along the Ni-Cu boundary towards the Ni-rich end. and are 
clearly separate from the other ores 

Ni: Cu: Zn ratios for igneous rocks (Fig. 4) form a pattern that is similar 
in some respects to that of ores. Cu-Ni-rich rocks have approximately the 
same range of Cu-Ni ratios as the Cu-Ni ores, and this places them approxi 
mately opposite the mid-point of the Cu-Zn group, which extends beyond 
them towards the Cu- and Zn-corners. The overall greater Zn/Cu 4- Ni 
ratio for igneous rocks has shifted the whole pattern of points away from the 
Cu-Ni boundary and towards the Zn-corner. The points along the Cu-Zn 
boundary are not grouped as closely to the border of the diagram and there 
is not a distinct gap between the Cu-Ni-rich rocks and the Cu-, Zn-. and/or 
Pb-rich rocks. 

Ni-Cu-Zn patterns show a rough similarity for igneous rocks and sulfide 
ores, but an overall higher Zn/Cu + Ni ratio has displaced the position of the 
igneous rock pattern towards the Zn-corner of the diagram. The presence 
of a large gap between Cu-Ni and other types of ores, and continuity between 
Cu-Ni-rich and other types of rocks, is the outstanding difference between 
these two diagrams. 

3asic igneous rocks are concentrated towards the Cu-Ni side and acidic 
igneous rocks towards the Cu-Zn side of the diagram 

Nickel-Zinc-Lead.—Ni: Zn: Pb ratios show a large gap between Cu-Ni 
and other types of ores when plotted on a ternary compositional diagram 
(Fig. 5). The Cu, Zn, and/or Pb ores are grouped along the Zn-Pb boundary 
and the Cu-Ni ores at the Ni-corner. This diagram shows that when Cu is 
neglected, Federal (11) and La Motte (21) are grouped more closely with 
the other late magmatic ores. McKim ore (25) shows a separation from the 
other ores once again, but it is clearly a member of the Cu-Ni group 

Ni: Zn: Pb ratios in igneous rocks (Fig. 6) show a continuous trend 
from Ni-Zn, through Zn-rich, to Zn-Pb combinations, which is similar to that 
for ores, but lacks the large gap along the Ni-Zn boundary. An overall 
higher Zn/Ni + Pb ratio in igneous rocks has shifted the two sides of the 
trend towards the Zn-corner as compared with the ores, but some rocks 
with intermediate Ni-Pb ratios have lower Zn/Ni+ Pb ratios than corre 
sponding ores. 


1 Underlined numbers in parentheses refer to those used in Table 2 and on compositional 
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Fic. 3. Ni-Cu-Zn weight ratios in sulfide ores. 


Fic. 4. Ni-Cu-Zn weight ratios in igneous rocks. 
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Fic. 5. A. Ni-Zn-Pb weight ratios in sulfide ores. 


B. Ni-Zn-Pb mole ratios in sulfide ores. 


~~ 
~ 
a 
Oz 
7) 
58 
25 


126 


LIONEL C. KILBURN 


LEGEND 


ROCKS 
NTE@MEDIATE ROCKS 
~ BAS R “Ss 


ro 


LEGEND 

cic 

INTERMEDIATE ROCKS 
. BASIC ROCKS 


hic. 6, A. Ni-Zn-Pb weight ratios in igneous rocks. 
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Ni/Zn + Pb ratios are much higher in Cu-Ni ores than basic igneous 
rocks, but are much lower in the remaining ores than Zn-Pb-rich yranitic 
and basi rocks. 

Points are generally shifted away from the Pb-apex, if Ni: Zn: Pb mole 
ratios are plotted. Main pattern changes are a shortening of the Zn-Pb arm 
on both diagrams, and a shift of acidic rocks from the Zn-Pb- to the Cu-Zn 
side of the diagram. These differences do not s¢ riously change the general 
patterns of point distribution 

Vickel-Copper-Zinc-Lead—All Cu-, Zn- and/or Pb-rich ores, except 
Federal (11) and La Motte (21) ores, will lie on or near the Cu-Zn-Pb 
surface, and all Cu-Ni ores, except McKim (25) will lie on or near the 
Ni-Cu-Zn surface, if Ni, Cu, Zn and Pb are calculated to one hundred per 
cent and plotted in a tetrahedral coordinate system. Such a tetrahedral 
representation would show a clear separation of Cu-Ni ores from Cu, Zn 
and/or Pb ores. This striking chemical difference correlates exactly with 
the widely accepted early and late magmatic origins of these two groups. 

Ni-Cu-Zn-Pb ratios in igneous rocks follow a continuous trend from 
Cu-Ni-rich (with intermediate Cu-Ni ratios), to Cu-Zn-rich (with inter 
mediate Cu: Zn ratios) through Zn-rich, to Zn-Pb-rich types (with high 
Zn: Pb ratios). This pattern is similar to that for sulfide ores, but is modi- 
fied by a higher Zn/Ni + Cu + Pb ratio in all of these rocks except those 
with intermediate Ni: Pb and/or Cu: Pb ratios, which have much lower 
Zn/Ni + Cu + Pb ratios than ores with corresponding positions in the tetra 
hedron. 

The outstanding difference between ores and igneous rocks is a gap be 
tween Cu-Ni ores and Cu, Zn and/or Pb ores, and continuity between cor- 
responding ratio groups in igneous rocks. 


Relationships Among Copper, Cobalt, Zinc and Lead 


Cobalt may be substituted for nickel in the previous discussion, Cu-Zn-Pb 
surfaces are identical for Ni-Cu-Zn-Pb and Co-Cu-Zn-Pb  tetrahedrons. 
whereas other surfaces differ 

Cobalt-Copper-Zinc.—Low Co-contents for all ores but five Cu-Ni and 
two Missouri Pb-Zn varieties concentrate them along the Cu-Zn boundary 
of the Co-Cu-Zn diagram (Fig. 7). Co: Cu: Zn ratios do not separate Cu-Ni 
ores (early magmatic ores) from other ores, but rather form a continuous 
group. 

Igneous rocks also show a continuous grouping of all points on Figure & 
Igneous rock ratios are not grouped as closely to the Cu-Zn boundary and 
their grouping is shifted towards the Zn-corner compared with ores 

Sasic igneous rocks are concentrated towards the Co-Cu side of the dia 


gram 

Cobalt-Zinc-Lead.—Co: Zn: Pb ratios divide ores into two groups (Fig. 
9) in a manner similar to Ni: Zn: Pb ratios. However, Cu-Ni ores are not 
grouped as closely together and the gap between early and late magmatic 
ores is not as great as on the Ni-Zn-Pb diagram 
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Fic. 8. Co-Cu-Zn weight ratios in igneous rocks. 
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B. Co-Zn-Pb mole ratios in sulfide ores. 
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Fic. 10, A. Co-Zn-Pb weight ratios in igneous rocks. 


B. Co-Zn-Pb mole ratios in igneous rocks. 
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Co-Zn-Pb ratios in ores form an inverted, disconnected V pattern which 
corresponds with a smaller, similar pattern for igneous rocks (Fig. 10) 
The pattern for igneous rocks has been crowded into the Zn-corner by a 
higher Zn/Co + Pb ratio, but it is roughly similar to that found in ores. 
Plots of mole ratios differ from those of weight ratios in a manner similar 
to the Ni-Zn-Pb diagrams. These minor distortions do not change the gen 
eral pattern of points 
Cobalt-Copper-Zinc-Lead—The Co-content of all late magmatic ores, 
relative to their Cu, Zn and/or Pb contents, is so small that their Co: Cu: 
Zn: Pb ratios lie on, or near the Cu-Zn-Pb surface of the Co-Cu-Zn-Pb 
compositional tetrahedron. Cu-Ni ores contain Cu principally and have Co, 
Zn and Pb contents of the same order of magnitude in this compositional 
system. Thus they lie within the tetrahedron close to the Cu apex. Ores 
form a continuous trend from the interior of the tetrahedron at the Cu apex 
to the Cu-rich end of the Cu-Zn boundary, along the Cu-Zn boundary. on 
or near the Cu-Zn-Pb surface with increasing spread towards the Zn-corner, 
around the Zn-corner and down to the Pb-corner, still on or near to the 
Cu-Zn-Pb surface. The same pattern is formed by Co: Cu: Zn: Pb ratios 
in igneous rocks, but is not as sharply defined because relatively Cu-, Pb-, 
or Co-rich rocks have higher Zn/Co + Cu + Pb ratios, and rocks with rela- 
tively intermediate Cu, Pb and Co ratios have lower Zn/Co + Cu + Pb ratios 
than corresponding ores. Igneous rocks show a trend that begins with inter 
mediate Cu: Zn ratios, which are slightly richer in Co, and follows through 
a Zn-Cu-, Zn- and Zn-Pb-rich series which have variable but low Co contents 
Patterns formed by Co: Cu: Zn: Pb ratios plotted in compositional tetra 
hedrons show some similarities for these sulfide ores and igneous rocks 
Differentiation into Cu-Co, Cu-Zn, Zn-Cu-Pb, and Zn-Pb types is better 
developed in ores, whereas in igneous rocks, though the various types are 
present, they contain significant amounts of other members of the system 


Copper-Zinc-Lead-Series 


It has been shown that the best developed trend in ores and rocks is the 
continuous series, Cu-Zn-Pb. Variations of Ni/Cu + Zn + Pb and Co/Cu + 
Zn + Pb along this series will be compared for rocks and ores. These ratios 
have been plotted vertically from a Cu-Zn-Pb abscissa (Fig. 11, 12) for ores 
and (Figs. 13, 14) for rocks. Cu-Zn- and Zn-Pb-rich varieties have been 
plotted on the Cu-Zn and Zn-Pb portions of the abscissa. Zn-rich ores with 
approximately equal and minor amounts of Cu and Pb, and Zn-rich rocks with 
Cu: Pb ratios between 45 Cu: 55Pb and 55 Cu: 45 Pb have been plotted 
along the 100 percent Zn ordinate 

soth diagrams for Ni (Figs. 11, 13) show the same differences and sim- 
ilarities that were seen on the triangular coordinate diagrams, viz 
shortening of the rock series compared with the ore series, a gap in the ore 
series which is absent from the rock series, a similar shape to the grouping 
of points for ores and rocks, and concentrations of basic rocks along the 
Cu-Zn-series and acidic rocks along the Zn-Pb series. It should be noted 
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Fic. 12. Variation of Co-content along the Cu-Zn-Pb series for sulfide ores. 


that there are a few acidic rocks along the Cu-Zn-series but no basic rocks 
along the Zn-Pb-series. 

Igneous origins have been postulated for most of the ore deposits from 
this study, and a review of the literature (1-29, 31-38 and 40-42) shows 
that many deposits are closely associated with certain igneous rocks or occur 
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Fic. 14. Variation of Co-content along the Cu-Zn-Pb series for igneous rocks 
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in certain igneous environments. If these rock types or environments are 
marked on the ore diagram for nickel (Figure 15) it may be seen that the 
distribution of rock types is similar to that on the rock diagram. This simi 
larity suggests that ores originated from rocks that occupy similar positions 
on Figures 11 and 13. That is, Cu-Ni ores originated from basic rocks, ores 
with high Cu/Zn ratios from basic and acidic rocks, and ores with high Zn/Cu 
and Zn/Cu + Pb ratios and most Zn-Pb ores from acidic rocks. This cor- 
relation between rocks and ores is substantiated by other lines of evidence, viz 


1. Cu-Ni, Co-Ni and Ni sulfide ores always are associated closely with 
basic or ultrabasic rocks (Creighton, Frood, Lynn Lake and Kenbridge in 


this study ). 


2. Cu-rich sulfides may develop by magmatic differentiation from a basic 
magma, Skaergaard study (39). 

3. Many Cu-rich and Cu-Zn ores are associated closely with intermediate 
to acidic igneous rocks ( Porphyry Coppers and Butte, Montana, in this study ). 

4. Zn-rich ores are not associated as closely with igneous rocks as Cu- 
and Cu-Zn-rich varieties, and lead-ores commonly occur in areas where ig- 
neous rocks do not outcrop. Therefore it would appear that progressively 
along the Cu-Zn-Pb series there is a decreasing spatial association of ores and 
igneous rocks. 

5. Zn-Pb ores generally occur in areas where acidic igneous rocks pre- 
dominate, commonly spatially associated with granitic batholiths or stocks 


(good examples from this study are the Buchans, Bluebell, Mackeno, United 
Keno Hill, and Yale deposits). ‘Two Missouri ores and the Cu- or Zn-rich 


ores of the eastern townships of Quebec are exceptions. Significant amounts 
of peridotite occur near these deposits. This unusual association may have 
influenced the anomalously Co- and Ni-rich Missouri ores. Peridotites appear 
to be an unlikely source for these ores because Figures 2 and 6 indicate very 
low contents of Pb and Zn as compared with Ni and Cu for these rocks. 


Point distributions are not so similar for rocks and ores when Co/Cu + 
Zn + Pb ratios are plotted along the Cu-Zn-Pb series. Ores and rocks show 
a concentration of higher ratios and basic rocks along the Cu-Zn half, and 
lower ratios and acidic rocks along the Zn-Pb half of the diagrams. Ratios 
rise to a definite peak for ores, but show only a small hump for rocks within 
the Cu-Zn portion of the diagrams 


Reliability of Observations 


All samples in this study are not reliable representatives of their respective 
ore deposits. The degree to which this variation in ore representation influ 
ences the above observations must be assessed 

Sixteen samples have been accepted as good representatives of their re- 
spective deposits. The positions of these sixteen samples have been suitably 
marked, and it can be seen that they are well distributed throughout the ore 
groups on all compositional diagrams 
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The positions of the sixteen reliable samples conform with and substantiate 
all of the trends observed on Figures 1 to 10. This suggests that most of 
the twenty-nine less reliable samples are not significantly different in com 
position from their respective ore deposits, and that truly representative 
samples of these deposits would conform with the trends observed here 

It is concluded that the observations concerning Figures 1 to 15 may be 
accepted as reliable until better sample collections have been studied and 
indicate otherwise 


CONCLUSIONS 
The following conclusions are drawn from the discussion of results 


1. All ratios of Cu: Zn and Zn: Pb probably occur in hydrothermal sulfide 
ores, and form a continuous series from Cu-, through Zn- to Pb-rich varieties 

2. Cu-Pb ores, or those consisting of equal amounts of Cu, Zn and Pb are 
rare, and no such types occur in this collection of representative North Amer- 
ican base-metal sulfide ores. 

3. Co-Pb or Ni-Pb, or those consisting of equal amounts of Co, Zn and 
Pb, or Ni, Zn and Pb do not occur in this study and probably do not exist. 

4. A gap in Ni: Cu: Zn: Pb ratios divides ores into two groups, and 
ratios between these groups probably do not exist 

5. The similarity of chemical trends in base-metal sulfide ores and igneous 
rocks supports the widely accepted magmatic origin for these ores. The 
outstanding difference is that Ni: Cu: Zn: Pb ratios divide ores into two 
groups, whereas they form a single continuous group for igneous rocks. 
This difference suggests a single rock-forming process, but two ore-forming 
processes for a large majority of igneous rocks and base-metal sulfide ores 
The two ore groups exactly parallel an early segregation and late hydrothermal 
classification of the deposits studied here 

6. All diagrams show a rough correlation between Cu-, Cu-Ni-, and some 
high Cu/Zn-ores, and basic to intermediate rocks, and between most Cu-Zn-, 
and all Zn-Phb-ores, and acidic rocks. This correlation supports the thesis 
that ores may have originated from igneous rocks that contain metallic ratios 
similar to their own. A study of Ni/Cu + Zn + Pb ratios along the Cu 
Zn-Pb series, shows a rough correlation between igneous rocks and sulfide 


ores, and a close correlation between North American igneous rocks and 
~ 
igneous rocks that are associated with ore deposits studied here 
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ABSTRACT 


A sample of uranium-bearing conglomerate from the Shinarump mem- 
ber of the Chinle formation in northern Arizona was disaggregated in an 
ultrasonic separator. The sample, weighing 187 grams, contained about 
60 grains of uraninite (from 0.1 to 1 mm diameter) which have the 
sphericity and polish suggestive of detrital grains. 

The detrital-appearing grains are as-ociated with abundant interstitial 


uraninite, sphalerite, and pyrite, which presents conflicting evidence as to 
the origin of the uranium deposit. 


No definite conclusions are presented for the occurrence of these 
grains. However, the evidence strongly suggests that they are probably 
not detrital in origin, but are uraninite replacements of detrital grains; 
the original mineral may have been quartz. 


INTRODUCTION 


AN ultrasonic disaggregation of a sample of uraniferous conglomerate from 
the Shinarump member of the Chinle formation allowed recovery of about 60 
grains of uraninite. These grains are as much as 1 mm in diameter, and 
have the appearance of detrital grains. The sample came from the Sun 
Valley uranium mine in Coconino County, Arizona. The sample is one of 
a group collected in the summer of 1956 as part of a geologic mapping pro- 
gram in the East Vermilion Cliffs area (Fig. 1) conducted by the U. S. 
1 Publication authorized by the Director, U. S Geological Survey. 
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Geological Survey on behalf of the Division of Raw Materials of the U. S. 
Atomic Energy Commission. 
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FIGURE | INDEX MAP SHOWING LOCATION OF EAST VERMILION 
CLIFFS AREA, COCONINO COUNTY, ARIZONA 


GEOLOGY 


Regional Geology.—The East Vermilion Cliffs area is located in north- 
central Coconino County, Arizona, and is part of the Colorado Plateau 
Province (Fig. 1). Erosion in House Rock Valley on the west side of the 
area and in the Colorado River valley on the east side has exposed a section 
of sedimentary rocks more than a mile thick. This section includes rocks 
from the Pennsylvanian and Permian Supai formation to the Jurassic En- 
trada formation (Fig. 2). The major structures are the East Kaibab mono- 
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cline in the western part of the area and the Echo Cliffs monocline in the 
east, bordering a gently folded structural terrace ( Fig. 1). 

Most of the uranium deposits in the area occur in paleo-stream channels in 
the Shinarump member of the Chinle formation at or near the base of the 
member. The Shinarump is greatly variable in both thickness and lithology. 
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Figure 2 -- COLUMNAR SECTION ALONG EAST VERMILION cures, 
COCONINO COUNTY, 


In the paleo-stream channels the member attains a thickness up to 130 feet, 
but elsewhere it is absent. Where it occurs as a persistent bed, the Shina- 
rump generally ranges in thickness from 20 to 40 feet. The Shinarump is 
composed mainly of grains and pebbles of chert and quartzite. In varies 
from a well cemented conglomerate to a deposit of friable, poorly sorted sand 
and gravel, and in places it is a clay-cemented crossbedded sandstone. 

Sun Valley Mine—The Sun Valley mine is in a U-shaped bend of a 
Shinarump-filled paieo-stream channel which is at least 1,000 feet long and 
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400 feet wide. In the deepest part of the channel, the Shinarump is about 
130 feet thick. It includes a basal bed of a chert- and quartzite-pebble con- 
glomerate 40 feet thick overlain by about 90 feet of crossbedded sandstone. 
Uranium occurs mainly in ellipsoidal-shaped pods of ore, about 3 feet long 
and 2 feet wide, in the bottom 2 to 5 feet of the basal conglomerate of the 
Shinarump. Several hundred tons of uranium ore have been produced from 
about 400 feet of underground workings in this mine. 

The only unoxidized uranium ore mineral identified in the conglomerate 
of the Shinarump member from the Sun Valley mine is uraninite. Other 
minerals recognized are pyrite, sphalerite (light amber), hematite, and 
galena (rare). Although some samples from the mine contained as much 
as 10 percent molybdenum no molybdenite has been recognized, but jordisite 
has been tentatively identified. The oxidized uranium minerals found form- 
ing on the mine wells and on outcrops of the Shinarump are zippeite, a 
zippeite-like mineral, and an unnamed uranyl phosphate. In addition to 
these, ilsemannite is forming rapidly on the walls of the older mine workings. 
The cementing material in the conglomerate is calcite with minor chalcedony. 
Carbonized wood and other carbonaceous material are found in the Shina- 
rump deposits in the channel, but there is no close spatial association between 
the uranium and carbon. 


DETRITAL-APPEARING URANINITE 


Previous Studies—The recent work of Liebenberg (4) on the origin 
of gold and radioactive minerals in the Witwatersrand has stimulated interest 
in the possibility of detrital uraninite deposits. Probably the first important 
work on the detrital origin of the Rand gold is by Mellor (6) who believed 
that the gold was deposited in the gravels of a delta. Later, Reinecke (8) 
agreed with Mellor that the Witwatersrand is a placer deposit and added 
that a “variety of uraninite’” was found associated with the gold. It is of 
interest that Reinecke also states seeing evidence of gold “replacing quartz 
metasomatically.” 

Liebenberg (4), after a study of about 1,000 polished sections and mine 
concentrates from the Witwatersrand system, is firmly convinced that the 
gold and uraninite grains were “deposited simultaneously with the other 
primary constituents of the banket.” He has obtained uraninite grains, 
generally less than 80 microns in diameter, by superpanning mine concentrates. 
Liebenberg describes the grains as being a “shiny black” and “rounded to a 
varying degree, though irregular and angular fragments due to uneven frac- 
turing during milling are common.” Most of Liebenberg’s conclusions, 
however, are based upon his study of the many polished sections. 

With regard to the uranium deposits of the Colorado Plateau, Fleck and 
Haldane (3) reported some 50 years ago that the then-recently-discovered 
carnotite deposits of southwest Colorado may have been formed from a 
“concentration of vanadiferous pitch blende particles by action of water cur- 
rents and subsequent decomposition.” However, they were unable to dis- 
cover “pitchblende or other primary uranium compounds” in the deposits. 
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Chenoweth (2) reports radioactive placer deposits on the Colorado 
Plateau in New Mexico and Colorado, but the radioactivity was found to 
be attributed to uraniferous zircon and monazite. Murphy and Houston (7) 
have made a study of a similar deposit in Wyoming, and Mackin and Schmidt 
(5) report the uranium-bearing minerals, euxenite and uranothorite, in placer 
deposits in Idaho. None of these, however, found any uraninite. 

The only report of uraninite in a placer deposit is by Steacy (9) who 
writes of finding some uraninite grains in a “black sand reputedly taken 
from a placer deposit in British Columbia and sent to the Geological Survey 
of Canada.” 

Bain (1), in his study of the Shinarump deposits of the Colorado Plateau, 
concludes that “jasperoid pebbles, sand and silt are the primary uranium 
carrier and represent detritus from a leptothermal uranium deposit of Per- 
mian age.” 

In a discussion of Mellor’s report on the Witwatersrand (Mellor, 6) Dr. 
J. W. Evans writes that he could remember a time when it was thought “a 
rather amiable eccentricity” to believe in the detrital origin of the Rand gold. 
It is not the purpose of this present paper to agree or disagree with those who 
believe in a detrital origin of some uraninite deposits. The author intends 
only to present the facts associated with the discovery of some detrital- 
appearing uraninite grains and some possible interpretations for their forma- 
tion. 

Mineralogy.—Almost all of the uraninite observed in polished sections of 
ore from the Sun Valley mine apparently has been introduced into the 
conglomerate as interstitial material. The interstitial uraninite embays and 
fills fractures in the quartz grains (Figs. 3, 4). Rounded uraninite grains 
also are present, but in small amount (Figs. 5,6). Pyrite is present in the 
centers of a few uraninite grains and as interstitial material associated with 
interstitial uraninite. Although not visible in the photographs, polished 
sections show that light-amber sphalerite is abundant as interstitial material. 
It also fills fractures in the interstitial uraninite and therefore is probably 
younger. The probable paragenetic sequence is: (1) uraninite, (2) pyrite, 
and (3) sphalerite. The uraninite and pyrite may be contemporaneous. 
There are probably two stages of calcite deposition: one accompanying the 
uraninite and a later, post-ore, stage. 

Uraninite Grains.—Figure 7 is a photograph of several of the rounded 
uraninite grains that were recovered from a sample of uranium ore from the 
Sun Valley mine. These rounded grains, along with angular fragments of 
uraninite in much greater amounts, were separated from a sample of poorly 
cemented conglomerate of the Shinarump member in an ultrasonic transducer 
(Bendix, model UTL-4A-1). The relative proportions of rounded grains 
and angular fragments suggest that the ultrasonic transducer itself cannot be 
considered a factor in the rounding of the grains. There was no visible 
evidence to suggest that any of the angular pieces of uraninite are fragments 
of rounded grains. If any of the rounding of the grains by cavitation of 
the uraninite could be attributed to the transducer, it certainly would have 
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Fic. 3. Photomicrograph of polished surface of conglomerate from the Shina 
rump member of the Chinle formation from the Sun Valley mine. White area 
is interstitial uraninite (U) with some sphalerite (indistinguishable). The large 
gray grains are quartz (QJ). The darker gray areas are chalcedony (Ch) con- 
taining sphalerite (white spots) and hematite (darker areas). Plane-polarized 
light. 

Fic. 4. Photomicrograph of polished surface of conglomerate from the Shina- 
rump member of the Chinle formation from the Sun Valley mine. White area is 
interstitial uraninite (U) with some sphalerite (indistinguishable). The large 
light-gray grains are quartz (Q) and the darker gray grain is chalcedony (Ch) 
containing grains of uraninite (white spots). The light-gray areas are calcite 
(C) with the different shades of gray indicating more than one optical orientation. 
Plane-polarized light. 
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resulted in the rounding of the sharp edges of the fragments broken early in 
the treatment. 

The original sample of conglomerate, which weighed 187 grams, pro- 
duced about 60 rounded grains of uraninite (1 mm or less diameter), which 
weighed about 50 milligrams. Each grain was assayed radiometrically, and 


Fic. 5. Photomicrograph of a polished surface of conglomerate from the 
Shinarump member from the Sun Valley mine. White rounded grains are urani- 
nite (U). Gray matrix is chalcedony (Ch). Plane-polarized light. 


Fic. 6. Photomicrograph of polished surface of conglomerate from the Shina- 
rump member from the Sun Valley mine. White rounded grains are: uraninite 
(U), pyrite (P), and sphalerite (S). Some of the uraninite grains have pyrite 
centers (indistinguishable). Large light-gray grains are quartz (Q) and the 
darker gray matrix is calcite (C) containing hematite (black). Plane-polarized 
light. 
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all were found to contain in excess of 60 percent equivalent uranium. One 
grain was mounted, as a single grain, in an X-ray camera. The resulting 
film showed the “line” pattern of a cryptocrystalline uraninite aggregate 
rather than the “Laue” pattern of a single crystal. The following table shows 
the results of a semiquantitative spectrographic analysis of a 10 milligram 
sample of the uraninite grains: 


Fic. 7. Photomicrograph of uraninite grains separated from the conglomerate 
of the Shinarump member from the Sun Valley mine showing roundness and high 
polish. Plain light. 


Table 1 shows that the uraninite gra ns contain about 7 percent of the 
common major elements other than oxygen. Calcium, aluminum, and sili- 
con make up the largest part of this percentage. The calcium can be ac- 
counted for by the calcite inclusions in the uraninite grains (Fig. 8). Clay, 
sticking to the surface of the grains, could provide the aluminum and silicon. 
Most of the trace elements are probably disseminated through the uraninite. 

Figure 8 is a photomicrograph of a polished section of the rounded 
uraninite grains. An examination of these grains under a microscope (up 
to X 1,500) revealed no internal botryoidal structure. Calcite is the only 
mineral inclusion identified in the grains. 

Figures 5 and 6 are photomicrographs of polished sections of the con- 
glomerate of the Shinarump member in which rounded forms of uraninite can 
be seen. These may be the rounded uraninite grains, of the type that were 
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separated, in place in the conglomerate. These particular rounded forms 
are, however, much smaller in diameter than the majority of the separated 
uraninite grains. Figure 6, and other polished sections not photographed, 
show rounded grains of sphalerite and pyrite. Sphalerite also has been ob- 
served as having replaced parts of quartz grains. 


TABLE 1 


SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSIS' (REPORTED IN PERCENT) OF A 10 MILLI- 
GRAM SAMPLE OF ROUNDED URANINITE GRAINS FROM THE SHINARUMP MEMBER 
OF THE CHINLE FORMATION, SUN VALLEY MINE 


Eu Ru 
F 


0 
0 


' Spectrographic analyses: Figures are reported to the nearest number in the series 7, 3, 1.5, 
0.7, 0.3, 0.15, etc. in percent. Sixty percent compliance with results of analyses by quantitative 
methods may be expected. Symbols used are: M = major constituent; greater than 10 percent. 
0 = looked for but not detected (below limit of sensitivity). < = below number shown = not 
looked for. Analyst: J.C. Hamilton. Sample no. EVC-56; lab. no. 255003. 


Lead-Uranium Ratios.—If the uraninite grains are truly detrital they 
would have to be as old as or older than the enclosing Shinarump sediments 
(Late Triassic: approximately 160 « 10° years). The uraninite grains were 
analyzed for lead by quantitative spectrographic methods and for uranium 
by the volumetric method (chemical). The uraninite grains contain 0.45 
percent lead and 49.8 percent uranium (Laboratory serial nos. 255003 and 
256174, respectively; Sample no. EVC-56i for both). On the assumption 
that all the lead is radiogenic, derived in the grains, and that the grains have 
been closed systems since they were formed, the calculated age of the grains 
is about 68 x 10° years (Late Cretaceous or Early Tertiary). This figure 
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is likely to be the maximum permissible age because the calculation does not 
take into consideration the possibility that some of the analyzed lead is non- 
radiogenic lead. In all probability the true age of the uraninite grains is 
somewhat less. Stieff and Stern (10) report that all of the lead extracted by 
them from Colorado Plateau uranium ore contained some non-radiogenic lead. 

An age was also calculated for the interstitial uraninite, based upon the 
ratio of total lead to uranium content. The interstitial uraninite was analyzed 
for lead by quantitative spectrographic methods and the value adopted for the 


Fic. 8. Photomicrograph of polished surface of the uraninite grains mounted 
in Lucite. Black spots in the grains are calcite. Plane-polarized light. 


uranium content is an average of six fluorometric determinations. The inter- 
stitial uraninite contains 0.7 percent lead and 40 percent uranium (Labora- 
tory serial no. 262633; Sample no. EVC-56x). In this case the calculated 
age of the interstitial uraninite is about 130 x 10° years (Late Jurassic). 
Based upon the same assumptions as above, this also is the maximum age of 
the interstitial uraninite. 

The quantitative spectrographic lead analyses for both samples were done 
by John C. Hamilton, the volumetric uranium analysis of the grains by Henry 
H. Lipp, and the fluorometric uranium determinations by Edward J. Fennelly. 

The difference in calculated ages for the grain-form and interstitial urani- 
nite may be due to the presence of a higher proportion of non-radiogenic or 
“common” lead in the interstitial uraninite. Stieff reports (Lorin R. Stieff, 
U. S. Geological Survey, written communication, February 5, 1959) that the 
“higher age, 130 x 10° years, of the interstitial uraninite may reflect loss of 
uranium due to relatively recent oxidation and alteration of the uraninite.” 
He also states that the “higher lead-uranium ages may be attributed in part 
to the presence of radiogenic lead derived from a pre-existing source of 
uranium.” 
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SUMMARY AND CONCLUSIONS 


The data developed in this study are insufficient to form any definite 
conclusions, but the data do suggest certain hypotheses on the formation of 
the uranium in the Sun Valley mine. 

The detrital-appearing uraninite grains probably have formed by the re- 
placement of some common detrital mineral grains (probably quartz) by 
uraninite. This hypothesis is suggested by the following observations : 

1. The maximum permissible age of the uraninite grains is apparently 
too low for them to have existed as grains before or during deposition in the 
Shinarump member, although calculations based on just one set of analyses 
may be inconclusive. 

2. The uraninite grains are in the same crystalline form as the interstitial 
uraninite. 

3. Uraninite appears to have replaced quartz (Figs. 3 and 4). 

4. Although it is very difficult to see in the photographs (Figs. 3 and 4), 
sphalerite also appears to have replaced quartz in the conglomerate. 

5. Rounded grains of sphalerite and pyrite also occur in the conglomerate 
(Fig. 6). None of these grains, however, have been separated to prove their 
sphericity. 

Although no botryoidal structures are visible, it is also possible that the 
detrital-appearing uraninite grains may have formed by recrystallization of 
pre-existing uraninite. 

The evidence presented in this paper points strongly toward a non-detrital 
origin for the uraninite grains. The possibility that these grains are truly 
detrital, as suggested by their shape, is remote. 


U. S. GeoLocicaL Survey, 
Boston, Mass., 


May 1, 1959 
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CLAY MINERALS ASSOCIATED WITH THE LAKE SUPERIOR 
IRON ORES 


S. W. BAILEY AND S. A. TYLER 


ABSTRACT 


Accessory clay-size minerals occur as disseminated particles and as 
fillings of pockets and fissures in the Lake Superior iron ores, the oxidized 
iron-formation, and the associated altered dikes. Dickite and kaolinite 
are the most abundant clay minerals in the Marquette, Gogebic, and Iron 
River districts of Michigan and are accompanied by lesser amounts of 
nacrite, tale, pyrophyllite, 1M and 2M: muscovite, lizardite, clinochrysotile, 
Al-serpentine, dioctahedral and trioctahedral chlorite, dioctahedral and tri- 
octahedral montmorillonite, palygorskite, and regular interstratifications 
of chlorite-montmorillonite, as well as the non-clay minerals apatite, 
alunite, gypsum, calcite, and rhodochrosite. This assemblage is suggestive 
of a hydrothermal environment. In contrast only kaolinite, 1M musco- 
vite, chlorite, nontronite, montmorillonite, talc, chamosite, apatite, gibbsite, 
and alunite have been identified from the Mesabi, Cuyuna, and Vermilion 
districts of Minnesota. The distinctive differences in the assemblages 
of minerals and in the types of kaolin minerals present in the Michigan 
and Minnesota areas are believed to be indicative of differences in the 
environment of formation of the clay-size components in the two areas. 
The intimate association of the clays with the iron ore suggests that these 
differences may also extend to the origin of the ore itself. 


INTRODUCTION 


THE iron ores of the Lake Superior region are largely residual deposits of 
hematite and limonite formed from a cherty iron-rich sedimentary rock 
known as iron-formation or taconite. Van Hise and Leith (85, p. 499-570) 
came to the conclusion that the iron ores were formed from the iron-formation 
by downward moving meteoric waters that oxidized the ferrous iron to the 
ferric state and leached vast quantities of silica, leaving a residual mass of 
porous ore. Migration of iron and replacement of various rock types by 
iron have locally played a prominent but often secondary role in ore forma- 
tion. Gruner (24) suggested from a study of the occurrence of the Lake 
Superior iron ores that the solutions that oxidized the iron and removed the 
silica were hydrothermal in origin. Later Gruner concluded that the ore- 
forming solutions were largely meteoric but that emanations rising from a 
magmatic source furnished the heat and produced the upward circulation (27). 

A considerable amount of physical data pertaining to the geologic occur- 
rence and mineralogy of individual ore bodies has been presented in the 
literature by various workers. Gruner (25) in particular called attention 
to the genetic implications of specific minerals suggestive of hydrothermal 
activity, whereas Leith (46) stressed the geologic occurrence of ore bodies 


150 


' | 


CLAY MINERALS WITH LAKE SUPERIOR IRON ORES 151 


in support of the meteoric theory of ore formation. Although much of the 
evidence pertaining to ore genesis cited in the literature appears to be con- 
tradictory, harmony may be established on the premise that the iron ore 
bodies of the various ranges have had a somewhat different history—i.e., 
some were formed by downward moving surface waters, whereas others 
were the products of upward rising hydrothermal solutions. 

Since minerals are more or less sensitive to environmental conditions 
during and subsequent to their development a study of the minerals asso- 
ciated with the iron ores and with the oxidized iron-formation might be ex- 
pected to provide critical information regarding the genesis of individual or 
groups of ore bodies. Gruner (25, p. 196) suggests that the presence of 
specular hematite, martite, tale, chlorite, sericite, serpentine, chalcopyrite, 
and the clay mineral dickite (28) in the ores is indicative of hydrothermal 
activity. Other minerals suggestive of the hydrothermal environment, but 
apparently of more restricted occurrence in the ores, are native copper 
|Mesabi range (29)], magnesiosussexite [Gogebic range (26)], chromium 
silicate | Marquette and Gogebic ranges (28)], and seamanite [Iron River 
district (45) ]. 

The purpose of this paper is to cite additional data regarding the occur- 
rence and distribution of certain accessory minerals associated with the ores 
in the various Lake Superior ranges and to discuss the implications of these 
minerals in regard to the genesis of the ores. The study has been restricted 
to clay-size particles, known to occur in quantity only in or near the ore 
bodies. The individual minerals are predominantly, but not exclusively, 
layer-lattice silicates ranging in color from white to gray or light buff with 
a few in various shades of green. 


X-RAY EXAMINATION 


The majority of the clay-size minerals were identified by X-ray film 
techniques, using 57.3 and 114.6 mm diameter power cameras with filtered 
Cu and Fe X-radiations. For some samples additional information was 
obtained from oriented clay aggregates with a Norelco diffractometer. 

The clay-size minerals in most specimens fill small pockets and fractures 
in ore and in the oxidized iron-formation adjacent to orebodies. In some 
cases contiguous pockets contain different clay mineral varieties. It was 
found expedient to sample and identify the material of each pocket individually 
to avoid working with mixtures as much as possible. This often meant 
working with very minute quantities. The procedure finally adopted for use 
with small quantities was to mount the sample with shellac or Duco cement 
on the tip of a thin glass fiber. The fiber was then mounted in the powder 
camera in the position normally occupied by the powder rod or capillary tube 
and was adjusted so that the sample was in the X-ray beam. 

Although the majority of samples proved to be monomineralic, chemical 
and physical separation procedures were necessary in some cases to resolve 
mixtures sufficiently to permit identification. Chert was eliminated by 
settling in distilled water. A Frantz isodynamic separator and a centrifuge 
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with heavy liquids were effective in separating certain mineral varieties. 
Mixtures of chlorite and kaolin type minerals were simplified by dissolving 
the chlorite in warm, dilute hydrochloric acid. Some of the clay minerals 
are so intimately mixed with hematite in the soft red ores that the clay com- 
ponent is not visible even after fine crushing. These minerals were detected 
and concentrated by dissolving the hematite either with cold hydrochloric 
acid and stannous chloride or by the sodium dithionite-citrate-Versene tech- 
nique of Aguilera and Jackson (1). Amorphous material was dissolved by 
boiling for 2.5 minutes in 0.5N NaOH solution (31). 

Normal techniques of clay mineral identification were used. X-ray pat- 
terns were first taken of all samples in the natural state and, for some samples, 
at different humidity levels. Glycerol solvation was employed for final identi- 
fication in the case of montmorillonite and heating at various temperatures 
for chlorite and vermiculite. The chlorites and montmorillonites were sepa- 
rated into dioctahedral and trioctahedral types but, with the exception of 
nontronite, were not subdivided into mineral varieties. Likewise, alunite is 
used in this paper as a group term to include all members of the alunite, 
beudantite, and plumbogummite mineral groups. Special attention was given 
to the identification of the various polymorphs of the mica, serpentine, and 
kaolin minerals. Information on the composition of some of the rare or un- 
common clay minerals was obtained by gravimetric analysis, by the X-ray 
spectograph, and by observing the recrystallization products at elevated tem- 
peratures. 


RESULTS 


Over 1,000 individual X-ray photographs were taken of the clay-size com- 
ponents in 109 specimens. The resulting identifications are listed in the 
Appendix along with a description of the individual material. The regional 
distribution of the specimens is as follows: 62 specimens are from Michigan 
with 35 from the Marquette district, 12 from the Iron River district, and 15 
from the Gogebic district; 46 specimens are from Minnesota with 35 from 
the Mesabi district, 5 from the Cuyuna district, and 6 from the Vermilion 
district. One specimen from the Steep Rock district of Ontario was ex- 
amined. 

Table 1 summarizes the geologic occurrence of the clay-size mineral 
varieties in the six districts of Upper Michigan and Minnesota. For the 
62 specimens from Michigan, dickite and kaolinite are equally abundant and 
occur in ore, oxidized iron-formation, altered dikes, and miscellaneous rocks 
associated with ore bodies. Other minerals are present in less abundance. 
These include the clay minerals nacrite, 1M and 2M, muscovites, pyrophyl- 
lite, tale, lizardite, clinochrysotile, Al-serpentine, dioctahedral and _triocta- 
hedral chlorite, dioctahedral and trioctahedral montmorillonite, palygorskite, 
and regular interstratifications of chlorite and montmorillonite. Non-clay 
minerals present in clay-size particles include rhodochrosite, calcite, apatite, 
alunite, and gypsum. 
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Only kaolinite occurs in abundance in the 46 specimens from Minnesota. 
In contrast to the distinctive Michigan suite of accessory minerals only 1M 
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muscovite, nontronite, montmorillonite, chlorite, chamosite, and tale have 


been identified from Minnesota. Non-clay minerals present in clay-size 


particles include apatite, gibbsite, and alunite. 
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ORIGIN OF THE CLAY MINERALS 


Both the natural occurrences of the kaolin minerals and data from syn- 
theses in the laboratory indicate that nacrite and dickite form at temperatures 
well above those of normal ground waters whereas kaolinite forms over a 
wide temperature range, including low temperatures. As a consequence 
dickite and nacrite are considered characteristic of pneumatolytic or hydro- 
thermal activity whereas kaolinite is of little use as a geothermometer. 

The writers are aware of only 16 reasonably well verified occurrences of 
nacrite. For all cases that are well documented the authors involved have 
suggested an origin by pneumatolytic or hydrothermal activity. None of the 
occurrences is inconsistent with such an origin. More details on nacrite 
occurrence are given in the next section of this paper. 

Dickite is much more common than nacrite and is also accepted as indica- 
tive of hydrothermal activity. In a recent survey of hydrothermal alteration 
and weathering Kerr states (40, p. 530): “Field relationships suggest that 
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among the clay minerals dickite is usually formed under deeper-seated condi- 
tions. It is usually, if not always, hydrothermal in origin.” The writers 
know of only one occurrence of dickite where hydrothermal formation appears 
to be questionable. Dick (16) and Smithson and Brown (72, 73) describe 
dickite filling the space between the grains of several Carboniferous and 
Jurassic sandstones in England and Wales. There is no association with 
ore-bearing veins or with known or probable magmas and an origin by 
diagenesis is invoked for the dickite (72, 73). 

Kaolinite is ubiquitous in its occurrence. It occurs in hydrothermal ore 
veins, in hot springs deposits, and as authigenic vermicular crystals in sedi- 
ments. It is one of the common products of weathering processes and is 
often a major component of soils, residual clays, bauxites, and certain sedi- 
mentary deposits. 

Temperature-pressure conditions under which kaolin minerals can be syn- 
thesized confirm the conclusions drawn from field relationships. Kaolinite 
can be formed readily over a wide range of temperatures, either by hydro- 
thermal synthesis from the oxides, by reaction of gels, or by alteration of 
feldspars. Collins (13) has formed kaolinite at room temperature by dilute 
acid alteration of orthoclase. Noll (55, 56, 57) has synthesized kaolinite 
between the temperatures of 250° and 400° C at various water pressures. 
Roy and Osborn (64) formed kaolin minerals from 150° to 405° C by 
hydrothermal treatment of coprecipitated alumina and silica gels. Although 
the X-ray patterns in the latter study were rather diffuse and identification 
was uncertain, no correlation could be found indicating a definite temperature- 
pressure range for those phases that most resembled dickite and nacrite. 
Ewell and Insley (18) formed kaolinite hydrothermally from gels between 
250° and 310° C at 2,300 and 3,000 psi and dickite between 350° and 365° C. 
Thugutt (81) reportedly formed nacrite by treating hydrated nepheline with 
water at about 200° C, but this identification is uncertain. Permyakov (60) 
formed nacrite at 335° C at 4,500 psi. 

Tale and pyrophyllite have stability fields well above the temperature of 
normal ground water. Talc is considered to be a hydrothermal alteration 
product of magnesium-rich minerals in ultrabasic rocks and dolomites, com- 
monly occurring in low to medium grade metamorphic areas. Bateman states 
(4, p. 296): “Tale is an alteration product of original or secondary mag- 
nesium minerals of rocks. It results from mild hydrothermal metamorphism, 
perhaps aided by simple dynamic metamorphism, but never from weathering.” 
The presence of tale as a secondary replacement of halite in the Yorkshire 
and Texas-New Mexico evaporites, however, suggests formation as low as 

100° C under considerable hydrostatic pressure (3, 38, 75). Pyrophyllite 
is less common than talc and results from similar hydrothermal alteration of 
acid volcanics and sediments. In the laboratory pyrophyllite can be formed 
hydrothermally from about 275° to 550° C (56, 57, 64, 70). It is the phase 
stable above the kaolin mineral range. Talc can be formed as a stable phase 
from about 275° to 780° C (66, 92) in the laboratory. 

Muscovite, as distinct from illite, probably can form over a wide range of 
conditions. 1M and 2M, polymorphs, have been reported as a result of 
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authigenic growth in sediments (58, 93), although most sedimentary occur- 
rences of the 2M, polymorph are probably detrital in origin (86, 87). 1M 
muscovite is found in low grade metamorphic areas (93) but, by analogy 
with glauconite (another 1M mica), may also be an authigenic mineral. Both 
the 1M and 2M, polymorphs are common in the “sericite” of hydrothermal 
alteration zones (32, 93) whereas the muscovite of pegmatites and granites 
is almost exclusively the 2M, form (33). Yoder and Eugster (93) have 
formed the 1M and 2M, muscovite polymorphs hydrothermally from a variety 
of starting materials at temperatures from 200° to 715° C. 1Md illite was 
found to change progressively to 1M muscovite and to 2M, muscovite with 
increasing temperature and duration of runs, a trend conformable with 
natural occurrences. 

The 1M muscovites of the Marquette and Gogebic districts differ from the 
Mesabi types in that the former are green in color and contain chromium, 
suggestive of hydrothermal origin. Whitmore, Berry, and Hawley in a 
survey of chromian micas state (90, p. 15): “As far as can be determined, 
chrome-micas, much like sericite, have invariably been formed either by 
metasomatic processes or deposited directly with other minerals in veins. 
Minerals associated with them suggest they were formed under conditions 
ranging from moderate to fairly high temperatures and pressures. . . .” 
More recently Kerr and Hamilton (41) have called upon a hydrothermal 
origin for similar green chromium-bearing mica-clays at Temple Mountain, 
Utah, and Placerville, Colorado. 

Serpentines can be formed in the laboratory from room temperature up 
to 650° C but are probably stable only under 500° C (5, 34, 92). The 
aluminous varieties have been formed from 350° C, the lowest temperature 
attempted, up to 650° C at pressures between 10,000 and 56,000 psi, with 
chlorite being the stable form above about 450° C at all pressures (21, 66, 
92). Serpentine probably can form at low temperatures but more com- 
monly is believed to result from autometamorphism of basic rocks or by 
hydrothermal alteration. It is a common mineral in low grade metamorphic 
areas. 

Montmorillonites have been formed in the laboratory from room tempera- 
ture up to 750° C (2, 34, 66) with the trioctahedral varieties having a higher 
upper stability limit than the dioctahedral types. Montmorillonite forms in 
nature by alteration of ferromagnesian minerals, calcic feldspars, and volcanic 
glass either by weathering processes or by deuteric or hydrothermal solutions. 
The trioctahedral types mainly fall in the latter category (2, 11, 63). 

Leonard (47) formed alunite by alteration of feldspars by sulphate solu- 
tions from 22° up to 200° C. Alunite is associated with some supergene ore 
deposits but is also a common alteration product around hot springs and in 
epithermal and some mesothermal ore deposits, including those at Norris 
Basin, Mount Lassen, Cerro de Pasco, Bisbee, Butte, Goldfield, Steamboat 
Springs, and the Izu peninsula of Japan (36, 68, 69, 89). 

In summary, both the synthesis data and the evidence provided by field 
relationships for similar clays elsewhere in the world suggest that the clay 
mineral assemblage in the Michigan iron ores is primarily the result of hydro- 
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thermal activity. The minerals associated with the Minnesota iron ores are 
not diagnostic as to origin, being capable of formation both at low tempera- 
tures and at moderately elevated temperatures. Nevertheless, the distinctive 
differences in the assemblages of minerals and in the types of kaolin minerals 
present in the Michigan and Minnesota areas are believed to be indicative of 
differences in the environment of formation of the clay-size components in 
the two areas. The intimate association of the clay minerals with the iron 
ore suggests that these differences may also extend to the origin of the ore 
itself, 


RARE MINERALS 


Rare or unusual minerals included in Table 1 are nacrite, aluminous 
serpentines, dioctahedral chlorites, regular interstratifications of chlorite and 
montmorillonite, and Cr-bearing 1M muscovites. Additional work is in 
progress on these minerals and will be reported in separate publications. 
Only the occurrences and some details regarding identification are given in 
this paper. 

Nacrite.—A single occurrence of nacrite was found in this study. It is 
contained in a drill core specimen from the Tracy mine, south of Negaunee, 
Michigan. The nacrite occupies small pockets, with dickite and kaolinite, in 
a manganite-goethite bed of oxidized cherty iron-formation. Bladed man- 
ganite crystals up to 3 mm in length line the inside surfaces of the pocket. 
The nacrite occurs alone in some pockets and intermixed with dickite or 
kaolinite in other pockets. The nacrite is white in color with a pearly luster 
and is fine grained, giving smooth X-ray powder patterns without grinding. 

Nacrite is of limited occurrence elsewhere in the world. It was first 
recognized in ore veins from Brand near Freiberg, Saxony (now East Ger- 
many) (7, p. 94; 15, p. 548-549). It has since been described at a number 
of other localities, primarily in Europe. Nine other European occurrences 
known to the writers are in a hydrothermal vein cutting diabase at Eski- 
Orda near Simferopol, Crimea, USSR (54); in an undescribed rock type at 
Kunnerstein, Augustusberg, Saxony (49) ; filling fissures and ironstone sep- 
tarian concretions in Carboniferous sediments of the Kladno coal basin of 
central Bohemia (now Czechoslovakia) (39, 59); in similar concretions in 
Ordovician slates at Vokovice, central Bohemia, and in the coal mines at Kara- 
vinna, Czech Silesia (now Karvina, Czechoslovakia) (71, 84); as a filling 
of cavities in quartz crystals within alpine veins on Monti Camperio, Switzer- 
land (53); in cracks and cavities of a kyanite-bearing quartzite on Mount 
Hirvivaara, Finland (44); in quartz veins of a shatter zone in syenite at 
Groby, Leicestershire, England (12); and in quartz veins and coating shear 
surfaces in metamorphosed andesites near Shap, Westmorland, England (19). 
Two occurrences in Asia have been described recently. These are in the 
Yonago mine, Honshu, Japan (35), and in epithermal gold-quartz veins as 
well as in the inner alteration zone of the wall rock of the Kasuga mine of 
southern Kyushu, Japan (82). Not all of the foregoing occurrences have 
been confirmed by X-ray study. 
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Only three occurrences have been confirmed in North America. Nacrite, 
originally described as kaolinite, occurs as a hydrothermal alteration product 
of microcline within a pegmatite in St. Peter’s Dome, Pike’s Peak district, 
Colorado (14). Nacrite intergrown with dickite occurs in a shear zone 
cutting andesite at St. George, ‘Utah (42). Intergrown nacrite and dickite 
are present in an intensely altered andesite complex at San Juanito, Chihua- 
hua, Mexico (42). Nacrite has also been reported by Thomas (80) in 
quartz and calcite veins in highly altered wall rock of the Tennessee-Schuyl- 
kill mine of the Wallapei district, Arizona; this identification is based on 
refractive indices. Other reported instances of nacrite have been disproven 
later by X-ray study. 

Nacrite at the Tracy mine can be obtained in pure form, although in small 
quantity. The X-ray powder pattern is listed in the first column of Table 2. 
Good patterns of random orientation were obtained by mounting small specks 
of the material without grinding on the tip of a thin glass fiber. The patterns 
are of comparable quality to those published by Claringbull (12) and by 
Knorring et al. (44) and are slightly more detailed. It was possible to 
resolve doublets that elsewhere in the literature have been described as broad 
bands and to record a few additional weak lines. Comparison with the pat- 
tern given by lightly crushed nacrite crystals from Pike’s Peak, Colorado, 
cat. no. 83593 kindly supplied by Dr. George Switzer of the U. S. National 
Museum, showed that the doublets and extra lines are not a consequence 
of impurities. 

Aluminous Serpentine—Six specimens of drill core from the Tracy mine, 
Michigan, contained aluminous serpentine, a newly recognized variety of 
layer silicate. The mineral occurs as pure white, fine grained fillings of 
pockets and fissures in the ore and in goethite-hematite oxidized iron-forma- 
tion and also in disseminated form in the ore. Yoder (92) first recognized 
this phase in the course of hydrothermal investigation of the MgO-Al,O,- 
SiO,-H,O system where it formed in the chlorite composition field below 
520° C. The initial platy serpentine in his synthesis was of composition 
(OH ),(Mg,Al)(Si,Al)O,, and transformed to clinochlore above 520° C. 
Yoder also formed similar phases at other compositions along the join from 
serpentine [(OH),Mg,Si,O,,] to amesite [(OH),(Mg,Al,)Si,Al,)0,,] and 
suggested the existence of a solid solution series along at least part of this 
range. Nelson and Roy (51, 52), Roy and Roy (65, 66), and Gillery (21) 
have done further work on aluminous serpentine and have confirmed the 
synthesis of similar phases in most of the range from serpentine to amesite. 

The specimens of aluminous serpentine discussed in this paper apparently 
represent the first recognized occurrences of the mineral. X-ray patterns of 
material from different pockets of the Tracy mine drill cores suggest the 
presence of four similar but slightly different phases. The presence of the 
060 reflection between 1.530 and 1.535A and of a 7A sequence of basal re- 
flections that disappear on heating to 600° C suggest a serpentine-like struc- 
ture. Although not enough material was available for chemical analysis of 
any one phase an idea of the composition of each was obtained by static heat- 
ing for two hour periods at 100° intervals from 400° to 1,000° C and identify- 
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(Untreated materials: \ = 1.4182; 114.6 mm diam. camera; Visual est, int.; Shrinkage corr.) 


1. Nacrite from drill core in oxidized iron-formation, Tracy mine near Negaunee, Michigan. 
2. 6(3)-layer aluminous serpentine (Type F) from drill core in ore, Tracy mine. 
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3. 6(2)-layer aluminous serpentine (Type B) from drill core in ore, Tracy mine. 
* — line with intensity at least partly due to another phase. 


4. Unst serpentine, Shetland Islands. 


(94). 


one specimen. 


6. Regular 1:1 
dike, Geneva-Davis mine near Ironwood, Michigan. 


Brindley and Knorring (8); Zussman and Brindley 
The d values in columns 2, 3 and 4 are arranged according to similar Akl indices 
5. Dioctahedral chlorite from HCl residue of ore, Tracy mine. 


+ = line observed only for 


interstratification of dioctahedral chlorite: montmorillonite from altered 
30A line observed only by diffractometer. 
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ing the recrystallization products by X-ray. Forsterite (Mg,SiO,) plus a 
small amount of enstatite (MgSiO,) formed between 700° and 800° C fol- 
lowed by a small amount of spinel (MgAl,O,) at 800° C. The exact time 
relationship between the formation of these recrystallization products is some- 
what uncertain, owing to overlap of diagnostic lines in the X-ray patterns. 
The essential presence of aluminum in the structure, however, is indicated by 
the definite identification of spinel. It is also possible that some Al may 
enter the enstatite structure. 

Dr. F. H. Gillery has kindly confirmed the identification of the X-ray 
patterns as aluminous serpentines. Two of the types (designated A and F) 
are identical to synthetic phases obtained by Roy and Roy (65, 66) and by 
Gillery (21) in their hydrothermal studies. Based on the variation of basal 
spacing with composition found in synthetic specimens and neglecting pos- 
sible variations due to pressure and/or cation ordering they correspond ap- 
proximately to overall compositions of (OH),(Mg,Al)(Si,Al)O,, and 
(OH),(Mg, ,)Si,,Al,,)O,,, respectively. These are both believed, 
according to Dr. Gillery, to be mixtures of different proportions of 1-layer 
and 6-layer ortho-hexagonal structures. The differences in the X-ray pat- 
terns are due to the variation of basal spacings with composition and to the 
proportions of the two structures present, the 6-layer form increasing at the 
expense of the l-layer form with increasing Al-content (21). The 6-layer 
structure has strong lines in its X-ray pattern for reflections with 1 = 2n. It 
approximates a 3-layer structure for these reflections and is designated as a 
6(3)-layer structure. The other two serpentine types (designated B and 
C) do not correspond to any of the synthetic phases recognized to date in 
the MgO-Al1,0,-SiO,-H,O system. The basal spacings indicate approximate 
compositions of (OH),(Mg,..Al, ;,)(Si,,,Al,;,)O,, and (OH),(Mg,, 
Al, ,) (Si, ;Al,.,)O,9, respectively. Dr. Gillery believes these patterns also 
can be explained on the basis of mixtures of l-layer and 6-layer ortho-hex- 
agonal structures. This 6-layer structure, however, differs from the one 
found in the synthetic system and in types A and F. It has strong lines in 
its X-ray pattern for reflections with /=3n and approximates a 2-layer 
structure for these reflections. It is designated as a 6(2)-layer structure. 
The 1-layer form is presumably Al-lizardite in all cases (21,91). The four 
apparently different types, therefore, can be explained on the basis of mixtures 
of Al-lizardite with two different 6-layer ortho-hexagonal structures, the 
proportions and compositions of each being variable in any one specimen. 
Similar polytype mixtures are known for the iron analogues, the 7A chamo- 
sites, although the possible variations with composition apparently have not 
yet been investigated. The term ortho-hexagonal is used here to designate 
the type of orthogonal cell used for indexing purposes. The true symmetries 
are not yet known. 

The compositions derived by Dr. Gillery from the basal spacings are be- 
lieved to be approximately correct, since the amounts of spinel (MgAl,O,) 
in the recrystallization products at 1,000° C vary in nearly the same ratio as 
the indicated Al-contents. Type B, however, instead of being most Al-rich 
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seems to fall intermediate between types F and A, judged by the relative 
amounts of spinel formed upon recrystallization. 

Over 150 X-ray patterns were taken of aluminous serpentines from the 
Tracy mine area to determine the ranges of composition and the extent of 
mixtures of the different structures. The most abundant variety present is 
type A, followed by type F; these varieties are similar to the synthetic mix- 
tures. No composition less aluminous than type A [(OH),(Mg,Al) (Si,Al) 
O,,]| was found in these particular specimens, but a few compositions inter- 
mediate between types A and F, composed of different proportions of the 1- 
and 6(3)-layer structures, have been recognized. Type C is also common, 
whereas type B is relatively rare; these varieties have not been synthesized in 
the MgO-Al,O,-SiO,-H,O system as yet and contain the 6(2)-layer struc- 
ture. A few specimens intermediate between the compositions represented 
by C and B have been found, as well as a few ternary mixtures of the 6(2)- 
and 6(3)-layer structures with the l-layer Al-lizardite. 

The X-ray pattern of type F with the highest proportion of the 6(3)-layer 
ortho-hexagonal structure (/ = 2n reflections strong) is listed in column 2 
of Table 2. The X-ray pattern of type B, representing the highest proportion 
yet found of the 6(2)-layer structure (/ = 3n reflections strong) is listed in 
column 3 of Table 2. Small amounts of both the 6(3)-layer and 1-layer 
structures are believed to be present also. The X-ray pattern of type B is 
characterized by a closely spaced sequence of weak lines following the 020 
reflection at d = 4.6A and tentatively indexed as 02/ or 111 reflections. Tak- 
ing the 1.533A line as d(060), the eight sharpest lines of this sequence give 
a c repeat of 42.45A as compared to 42.59A calculated from 15 001 and 20/ 
reflections. These 02/ lines are not visible if appreciable amounts of the other 
structures are also present. The general pattern, after allowance for differ- 
ences in the cell dimensions, is very similar to those of a natural 6-layer 
Mg-Si serpentine from Unst (8, 94) and a synthetic 6-layer Mg-Ge serpen- 
tine made by Roy and Roy (65, 94). The compositions, however, are 
considerably different since the latter do not contain aluminum. 

The term aluminous serpentine has been used for the materials described 
in this section, in contrast to the term septechlorite advocated by Nelson and 
Roy (51, 52). The latter authors emphasize the conversion of their syn- 
thetic materials to normal chlorites of corresponding compositions at 
higher temperatures and pressures. Because of this compositional and genetic 
relationship they feel that two chlorite series should be recognized, normal 
chlorites characterized by a 14A sequence of basal reflections and septechlor- 
ites, perhaps metastable relative to normal chlorites, characterized by a 7A 
sequence of basal reflections. The present writers favor the trend to asso- 
ciate nomenclature with structural type. Since the minerals with a 7A 
sequence of basal reflections are based on the serpentine rather than the 
chlorite structure, they should be designated as serpentines with an adjective 
modifier to indicate the essential aluminum. 

Dioctahedral Chlorite-—Ten occurrences of dioctahedral chlorite were 
recognized during this study. This unusual layer silicate incorporates alu- 
minum in place of most of the magnesium or iron normally present in one or 
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both of the two octahedral sheets of the chlorite structure. No synthesis 
data are available as yet, but a few natural occurrences have been reported. 
Grim and Johns (23), Powers (61, 62), and Nelson (50) have found dioc- 
tahedral chlorite in recent sediments and Schultz (67) has recognized it in 
ancient sediments. J. C. Hathaway and Margaret Foster of the U. S. Geo- 
logical Survey (personal communication) are presently studying a vanadium 
dioctahedral chlorite that is of widespread occurrence in the vanadium- 
uranium ores of the Colorado Plateau. Dioctahedral chlorite has also been 
recognized as a component of soils, especially in interstratified systems (9, 
37, 43). The occurrences of this mineral in Michigan illustrate a new mode 
of environment, probably hydrothermal, and, since it can be obtained pure 
although in limited quantity, also provide more definite characterization of 
its nature. The chlorite occurs both as a single-phase material and as ran- 
dom and regular interstratifications with montmorillonite. 

Single-phase dioctahedral chlorite (not interstratified) was found dis- 
seminated through red hematitic ore in three different drill cores from the 
Tracy mine area, Marquette district, Michigan. The chlorite was concen- 
trated by dissolving the hematite in a cold, dilute hydrochloric acid-stannous 
chloride solution. The residue is white in color and very fine grained. 
The X-ray pattern is that of a 14A layer silicate, plus some amorphous ma- 
terial that can be dissolved by boiling for 2.5 minutes in 0.5N NaOH solu- 
tion. The 060 reflection of the layer silicate occurs between 1.505 and 
1.51A for different specimens, indicating the dioctahedral nature. Although 
this figure is slightly higher than that given by many dioctahedral layer 
silicates, ranging from 1.49 to 1.50, it is considerably smaller than the 1.53 
to 1.55A range given by trioctahedral chlorites. There is an integral series 
of basal reflections, averaging 14.21A for the thickness of the layer. The 
material does not expand upon solvation with glycerol and reacts to heat 
treatment in a manner similar to trioctahedral chlorites. Heating at 500° C 
for two hours increases the intensity of the first basal reflection by a factor 
of four to five, at the same time decreasing its spacing from 14.2 to 14.0A, 
while the higher order basal reflections disappear. The breakdown of the 
interlayer material at 500° C is 50° to 100° C lower than the corresponding 
temperature required for trioctahedral chlorites. It is not known whether 
this decrease in breakdown temperature is a function of interlayer composi- 
tion, of small grain size plus possible effects of the concentration techniques 
on the structure, or of a combination of these factors. 

The X-ray pattern of pure dioctahedral chlorite is listed in column 5 of 
Table 2. For one specimen only, a sequence of weak lines is visible following 
the 020 reflection at d= 4.517 The entire pattern can be indexed using a 
l-layer monoclinic unit cell with 8 = 97°, the weak extra lines having indices 
of types 02/ and 11/. No systematic absences other than h +k = 2n + 1 
are evident, so the possible space groups are C2/m, Cm, C1, or C1. 

Although not enough material has been concentrated as yet for chemical 
analysis, an idea of the composition can be derived from the identity of the 
recrystallization products. Static heating at 1,000° C for 12 hours recrystal- 
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lizes the material to spinel (MgAI,O,) and heating at 1,200° C for 12 hours 
produces cordierite |Mg,Al,(Si,Al)O,,] plus spinel. The ideal formulas 
of both products contain twice as much aluminum as magnesium, confirming 
the dioctahedral nature. Data assembled thus far do not indicate clearly 
whether just one or both of the octahedral sheets are dioctahedral. If the 
recrystallization products are representative of the bulk composition, the 
aluminum to magnesium ratio of 2:1 suggests that only one sheet is diocta- 
hedral. The deficiency of octahedral cations would place it in the general 
category of a leptochlorite, similar to certain oxidized, iron-rich chlorites 
(20, 74). The structure, however, would be more like that of cookeite, the 
Al-Li chlorite (10, p. 300). An iron-rich leptochlorite with one dioctahedral 
sheet, to be described in a separate publication, has been found associated with 
metamorphosed iron-formation in Florence County, Wisconsin. 

Dioctahedral chlorite has also been found as the major component of a 
randomly interstratified system with montmorillonite. One such occurrence 
is as a light buff, fine grained alteration product of calcic plagioclase pheno- 
crysts in basic dikes at the Tracy mine, Marquette district, Michigan. As 
obtained in drill core, the clay retains the euhedral shapes of the original 
phenocrysts that range from 1 to 4 mm in size. Because of the contrast in 
color of the light colored clay to the purple matrix these are known locally 
as “spotted” dikes. The 060 reflection of the clay occurs at d= 1.505A 
and the first observable basal reflection at d = 14.55A in the natural state. 
The basal reflections show only a minor contraction as a consequence of 
potassium saturation. After solvation with glycerol the first basal reflection 
(called 001 for convenience) increases its spacing to 15.4A whereas 003 
decreases slightly from 4.80 to 4.69A and 004 from 3.58 to 3.55A. The 002 
reflection does not appear to change position. Heating at 500° C increases 
the intensity of the 001 reflection by a factor of three and one-half, but de- 
creases the spacing to 13.1A. The directions and magnitudes of the changes 
in position of the basal reflections after solvation and heating are in accord 
with random interstratification of about 75 per cent chlorite (14.2A cell) 
and 25 per cent montmorillonite (15.0A cell natural state, 17.7A solvated, 
and 9.6A dehydrated). 

Dioctahedral chlorites with 5 to 10 percent expanding layers are more 
common. Two specimens from the Palmer area of the Marquette range 
contain such an interstratification in the form of white to pale green, altered 
feldspar phenocrysts in pyroclastics and in a chloritized dike. In the Gogebic 
range similar materials were identified in pale green clay, mixed with dickite, 
filling a fracture zone through an altered dike in the Geneva-Davis mine and 
in green surface coatings of an altered sill in the Wakefield pit. The latter 
two green varieties of dioctahedral chlorite contain chromium. Slight two- 
dimensional bands are visible on some of the X-ray patterns, indicating 
random stacking of layers. The recrystallization products at 1,200° C are 
cordierite plus spinel. 

Regular 1:1 Interstratifications of Chlorite and Montmorillonite —A 
regular 1:1 interstratification of dioctahedral chlorite with montmorillonite 
was found coating shear surfaces in an altered dike in the Geneva-Davis 
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mine, Gogebic district, Michigan. This material is very fine grained, is a 
waxy blue-green in color on a fresh surface, and alters to a yellowish green 
on exposure. Basal reflections up to the tenth order were obtained from 
oriented samples. The average 001 spacing calculated from these, omitting 
001 itself, is 28.94 for the natural material, 32.0A for glycerol-solvated mate- 
rial, and 23.7A for material dehydrated at 600° C. The observed figures 
for the solvated and dehydrated samples compare closely to those expected 
from the superposition of one chlorite layer and one montmorillonite layer 
(14.2 + 17.7 = 31.9A solvated, 14.0 + 9.6 = 23.6A dehydrated). This in- 
dicates a chlorite layer of thickness 14.2A plus a montmorillonite layer of 
thickness 14.7A in the natural sample. The entire powder pattern of the 
natural sample is listed in column 6 of Table 2. With the exception of the 
extra OO/ reflections the pattern is very similar to that of dioctahedral chlorite. 

The presence of the large interplanar spacing reflection around 30A plus 
several sharp orders of this spacing indicate a considerable degree of regu- 
larity in the alternation of layers on a unit cell scale. The basal reflection 
spacings are not exact integral submultiples, however, and the details of 
their shifts after solvation and heating suggest either some deviation from 
complete regularity in alternation or that a few additional montmorillonite 
layers are randomly interstratified within this mainly regular system. The 
dioctahedral nature of the chlorite is indicated by the 060 spacing of 1.507A 
and the identity of the recrystallization products. Static heating at 1,000° C 
produced spinel and at 1,160° C produced cordierite plus spinel. These 
recrystallization products are representative of the bulk composition, as con- 
firmed by a partial gravimetric analysis of pure material, giving SiO, 42.15%, 
Al,O, 28.95%, MgO 11.20%, and CaO 0.65%. The X-ray spectrograph 
also shows the presence of chromium. 

The change of the 00/ interplanar spacings with temperature was studied 
by heating an oriented sample for two hours at 100° intervals from room 
temperature to 800° C. The 30A reflection and higher orders remain nearly 
constant in position until about 300° C. At that temperature the basal re- 
flections have become noticeably broader in profile and the 30A peak has 
been considerably reduced in intensity. At 400° C the reflections have be- 
come sharper again and indicate a periodicity of 24A, although the 24A peak 
itself is absent. Since the interlayer water in montmorillonite normally can 
be driven off readily above 100° C, the fact that no change in spacings oc- 
curred until 300° C suggests that the montmorillonite layers here are actually 
vermiculitic in their reaction to heat up to 300° C—regaining their interlayer 
water almost instantly on contact with the room atmosphere. They differ 
from vermiculite in their expansion upon solvation and their lack of con- 
traction after potassium saturation. At 400° and 500° C the sample remains 
dehydrated in room air but will rehydrate completely in contact with water to 
give the normal X-ray pattern, whereas the sample heated at 600° C will only 
partly rehydrate and at higher temperatures will not rehydrate at all. The 
first order peak reappears at 600° C with a periodicity of 23.7A. This peak 
remains at higher temperatures whereas the other O00/ reflections tend to dis- 
appear. These changes with temperature are very similar to those reported 
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by Earley et al. (17) for a regular interstratification of trioctahedral chlorite 
and montmorillonite. 

A second occurrence of this regular interstratification is as waxy blue- 
green chromium-bearing coatings on fractures in the Great Sill, a tabular, 
altered igneous body that traverses the Wakefield pit, Gogebic range, Mich- 
igan. The material here is intimately mixed with 1M muscovite, so has not 
been investigated as thoroughly as that of the first occurrence. The X-ray 
patterns and reactions to solvation and heating tests, however, appear to be 
identical for the two specimens. 

Sudo and his colleagues have described similar regular interstratifications 
from acid hydrothermal deposits at the Kurata mine (76, 79), the Hanaoka 
mine (76, 77), and the Kamikita mine (78), Honshu, Japan, and Mitsuda 
(48) from the Uku mine, Honshu, Japan. None of these clays appear to 
be pure, but the listed X-ray patterns and the reactions given for solvation 
and heating tests indicate that the major component in all these samples is 
very similar to our material. Sudo interprets his samples as consisting of a 
superlattice of a montmorillonite lattice with a new type of lattice made up 
of pyrophyllite plus a gibbsite sheet. The latter structure corresponds to our 
dioctahedral chlorite. The allocation of the chemical analysis of the Kami- 
kita mine clay given by Sudo and Kodama (78), however, indicates that the 
“gibbsite” interlayer sheet is actually trioctahedral with more Mg than Al 
and should be termed “brucite” instead. 

A regular 1:1 interstratification of trioctahedral chlorite and montmoril- 
lonite occurs in a drill core from the Tracy mine, Michigan, as a mottled white 
to tan clay filling small pockets in oxidized, goethite-rich iron-formation. 
Neighboring pockets in the same specimen are filled with kaolinite, trioc- 
tahedral montmorillonite, hematite-stained tale, and rhodochrosite. The 
X-ray patterns in the natural state and after solvation and heating tests are 
similar to those described by Bradley and Weaver (6) and by Earley et al. 
(17), so will not be listed in this paper. 

1M Muscovite-—Although 1M muscovites are not rare, some of the fea- 
tures of the material associated with the Lake Superior iron ores are worthy 
of note. Eleven specimens collected from eight different localities contain 
this mineral. In addition to the specimens listed in the Appendix 1M mus- 
covite has also been found as pale green granules in unoxidized tuffaceous 
shale in the Gunflint iron-formation of Ontario (22, p. 593), as green gran- 
ules in the basal conglomerate of the Gunflint iron-formation near Schreiber, 
Ontario, and as white pockets in black slates near the iron-formation in Flor- 
ence County, Wisconsin. In some of the dikes and pyroclastics the 1M 
muscovite is a result of feldspar alteration, retaining the euhedral phenocryst 
shapes. More commonly 1M muscovite occurs as irregular granules, as 
fracture-coatings, or as thin lenses and seams. Only one single-phase 1M 
muscovite was found, the others being randomly interstratified with 5 to 20 
percent montmorillonite. The montmorillonitic layers do not contract after 
soaking in KOH for 15 hours, suggesting an origin by aggradation rather 
than by degradation of the muscovite (88). 
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The clays range in color from white to various shades of green. Four 
of the darker green muscovites contain chromium and may correspond to 
the chromium silicate having some of the characteristics of mica reported by 
Gruner (28). The chromium-bearing varieties have only been found in the 
Marquette and Gogebic districts and are usually, but not exclusively, asso- 
ciated with altered dikes. A green color is not indicative of chromium, 
however, since the color of pale to dark green varieties found in the Mar- 
quette, Gogebic, Mesabi, and Gunflint districts is apparently due to iron. 


IMPLICATIONS AS TO GENESIS OF THE IRON ORE 


The clay mineral assemblage and the types of kaolin minerals present in 
the Michigan iron ores appear to be primarily the result of hydrothermal 
activity. Several precautions must be kept in mind in attempting to ex- 
trapolate to the origin of the ore itself and to the clays and ores of other 
areas. It is possible, for example, that the hydrothermal alteration is later 
than the formation of the ore, and that the clays have been concentrated in 
the ore zone because of its permeability and ease of access. Nevertheless, 
there is a strong suggestion that this is not the case. The clay minerals are 
common only in the ore and oxidized iron-formation and are seldom en- 
countered outside zones of secondary oxidization. The clays not only occupy 
pockets and fissures, but are so intimately associated with the ores on a 
finely dispersed scale that they often cannot be identified as separate entities 
even under the microscope. Most specimens of ore will yield a residue of 
clay minerals and amorphous material after dissolving away the hematite. 
Dickite, kaolinite, 2M, muscovite, dioctahedral chlorite, and aluminous ser- 
pentine have been identified in such residues from the Michigan ores. Under 
the microscope these clay residues are seen to be composed of euhedral 
crystals 1 to 10 microns in size and of larger aggregates of crystals. No 
detrital particles could be recognized. The evidence indicates that the clay 
minerals have grown im situ. The intimate association of clay and ore on 
such a fine scale suggests a contemporary origin for the two. 

It might be argued that the clays are older than the ores and were formed 
during the initial metamorphism of the iron-formation. It is difficult under 
this view, however, to explain the presence of the same clay minerals, some 
of them unusual and rare varieties, both as disseminated particles and as 
fillings of pockets and fractures in the ore. It has already been pointed out 
that it is unlikely that the clays are appreciably younger than the ores in 
which they occur because of the intimate and widespread association of the 
two. The fact that most ore specimens will yield a clay mineral residue sug- 
gests that both have been formed by the same hydrothermal fluids. It is not 
necessary to call upon any addition of material, only removal of much of the 
silica. The primary and metamorphic iron silicates that occur in the un- 
oxidized silicate facies of the iron formation alter to ore, according to Tyler 
(83). These silicates have appropriate compositions to supply the iron for 
the ore as well as the alumina, magnesia, and silica for the clay minerals. 
Presumably the differences in clay mineralogy from one mine to another re- 
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flect local differences in original composition within the iron-formation as 
well as differences in the composition-temperature-pressure conditions of the 
alteration fluids. 

The evidence provided by the clay mineralogy for the genesis of the 
Minnesota ore bodies is inconclusive. The clay mineral assemblage is dis- 
tinctly different from that of the Upper Michigan area. Whereas dickite 
and kaolinite are equally abundant in the Michigan ores and are accompanied 
by a wide variety of other clay minerals, kaolinite is the common clay mineral 
in the Minnesota ore bodies and only 1M muscovite, chlorite, nontronite, 
montmorillonite, chamosite, talc (in vein quartz), apatite, gibbsite, and alunite 
have been identified by the authors as minor constituents. With the excep- 
tion of the one specimen of tale found in a quartz vein cutting unoxidized 
taconite, all of the Minnesota clay-size minerals are believed from synthesis 
and field relationship data to form at low temperatures as well as at moderately 
high temperatures. The association of the clay minerals with the ore, how- 
ever, seems to be as intimate in Minnesota as in Michigan, and well crystal- 
lized kaolinite is present in residues after acid treatment of apparently homo- 
genous ore (Appendix). 

It is difficult to estimate visually the relative abundances of clay minerals 
in Minnesota and Michigan because of open pit versus underground mining 
techniques, but there is certainly no great difference in abundance. Calcula- 
tion of weighted averages of several hundred average ore analyses (ore in 
the natural state) supplied by the Lake Superior Iron Ore Association over 
a four-year period indicates slightly higher contents both of alumina and 
magnesia in Michigan ores relative to Minnesota: 


MgO 
Michigan 2.27% 0.53% 
Minnesota 1.82% 0.16% 


These figures are believed to reflect the relative amounts of clay-size minerals 
(plus amorphous material) in the ores of the two regions, mainly localized 
in the cherty members of the iron-formation. In addition, the Upper and 
Lower Slaty members in the Mesabi district provide alumina-rich sources 
that alter extensively to clay in the vicinity of ore bodies in Minnesota, but 
are not present in the dominantly cherty regime of Michigan. To some 
extent, therefore, the predominance of Al-rich clay minerals in Minnesota 
relative to Michigan, as brought out by Table 1, may be a consequence of 
original compositional differences in the two areas. This factor is not suf- 
ficient, however, to account for the differences in the types of Al-rich minerals 
found in the two areas—kaolinite, 1M muscovite, montmorillonite, gibbsite, 
and alunite in Minnesota contrasted to dickite, kaolinite, nacrite, 1M and 
2M, muscovites, pyrophyllite, Al-serpentine, dioctahedral chlorite, mont- 
morillonite, and alunite in Michigan. 

The major contribution of this study, therefore, is to emphasize the dif- 
ferences in the clay mineralogy of the two regions and to point out the pos- 
sibility that these may denote a difference in origin also. In view of the 
small number of specimens from the Vermilion and Cuyuna districts of 
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Minnesota, the contrast is best made between the Mesabi district and the 
three Michigan districts. 

_ The absence of hydrothermal indicators in the ores of the Mesabi district 
does not necessarily support the hypothesis of origin solely by weathering 
processes. It is true that oxidation and leaching by cold ground waters 
could and should develop the clay mineral assemblage present. This is one 
possible interpretation and is supported by the relative scarcity of dikes and 
intrusives in contrast to the other ore districts, by the abundance of goethite, 
and by the presence of the ores at the present erosion surface (30, p. 212- 
213). Gruner (27, p. 122-124) has summarized a number of objections to 
the weathering hypothesis, primarily restricted to the Mesabi district, which 
led him to suggest oxidation and leaching by heated ground waters. An 
alternative interpretation of the clay mineral data, therefore, is that in the 
Mesabi district minerals such as dickite, nacrite, 2M, muscovite, and pyro- 
phyllite were not formed because of the great dilution, and reduction in tem- 
perature, of the hydrothermal fluids by the ground waters. The presence of 
these minerals in the Michigan ores suggests little dilution of the fluids and a 
possible close relationship of the genesis of the clay minerals, and of the ores, 
to the many dikes and intrusives that transect the ores, serving either directly 
as sources of the fluids or indirectly as avenues of easy access from sources 
below. Either interpretation presented above adequately explains the dif- 
ferences in the clay mineralogy of the two regions. 
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APPENDIX 


Specimen description 


Marquette district, Michigan 


Tracy mine—drill cores 


Pockets in porous, iron-rich goethite iron-formation 

Goethite-lined pockets in goethite iron-formation 

. Specular hematite-lined pockets in goethite iron-formation 

Goethite-, specular hematite-, and manganite-lined pockets 
in porous goethite ore 

Hematite-lined pockets in rich goethite-hematite iron-for- 
mation 


6. Specular hematite-lined pockets in porous hematite ore 


Pockets in specular hematite iron-formation 

Goethite-lined pockets in porous, manganite-goethite iron- 
formation 

Pockets in goethite-hematite iron-formation 

. Quartz crystal-lined pockets in hematite iron-formation 

HCI residue of soft hematite ore 

HCI residue of soft hematite ore 


Bleached areas in hematite-stained altered basic dike 
Pockets and fractures in goethite iron-formation 


Pockets and fractures in hematite-goethite ore 

Goethite- and specular hematite-lined pockets and fractures 
in rich hematite iron formation 

Pockets in soft porous hematite ore 


Pockets in soft hematite ore 
Specular hematite-lined pockets in porous goethite ore 
. Specular hematite-lined pockets and fractures in goethite ore 


HCI residue of soft red hematite ore 

HCI residue of soft red hematite ore 

Highly altered, porous hematite-stained dike with outlines of 
feldspars well preserved 

Pockets in goethite ore 


Pockets in goethite ore 


HCI residue of soft red hematite ore 


Palmer area—drill cores 


Altered pyroclastics interbedded with iron-formation 


Mineralogy 


Dickite 
Dickite 
Dickite 
Dickite 


Dickite 


Dickite 

Dickite 

Dickite, nacrite, 
kaolinite 

Dickite 

Kaolinite 

Kaolinite 

Kaolinite, dioctahedra! 
chlorite 

Kaolinite 

Kaolinite, talc, triocta- 
hedral mont moril- 
lonite, regular 1:1 
interstratification of 
trioctahedral chlorite- 
montmorillonite, 
rhodochrosite 

Al-serpentine 

Al-serpentine 

Al-serpentine, rhodo- 
chrosite 

Al-serpentine 

Al-serpentine, gypsum 

Al-serpentine, rhodo- 
chrosite 

Dioctahedral chlorite 

Dioctahedral chlorite 

Dioctahedral chlorite 


Trioctahedral montmo- 
rillonite, talc, apatite, 
calcite 

Talc, trioctahedral mont- 
morillonite, lizardite, 
apatite, rhodochrosite 

2M: muscovite 


1M muscovite, montmo- 
rillonite, dioctahedral 
chlorite 


2. Green fracture-coating in metadiabase intrusive Trioctahedral montmo- 
rillonite, chlorite 
3. White, altered feldspar phenocrysts in chloritized Isabella Dioctahedral chlorite 


Dike 
Winthrop mine 
1. Pockets and fractures in hematite iron-formation Dickite, 1M muscovite 
New Richmond mine 


1. Pockets and fractures in hematite ore and iron-formation Dickite, kaolinite 
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APPENDIX (Continued) 
Specimen description Mineralogy 
Maas mine 
1. Pockets in dense specularite ore Kaolinite 
National mine 
1. Fractures in specularite-bearing jasper Kaolinite, apatite 
Moore mine 


1. Irregular areas of radiating crystals in pyroclastics inter- Kaolinite, pyrophyllite 
bedded with hematite-goethite iron-formation 


Taylor mine 
1. Lenses up to 1” in thickness in goethite iron-formation Clinochrysotile 
Iron River district, Michigan 
Chicagon mine 
1. Quartz crystal-lined fractures in hematite iron-formation Dickite 
Riverton mine 


1. Fractures in hematite iron-formation Dickite 
2. Lenticular beds up to 3” thick in hematite iron-formation Tale 


Sherwood mine 

1. Fractures in hematite iron-formation Dickite 
Wauseca mine 

1. Fractures in black, pyrite-bearing slate Dickite 
Rodgers mine 

1. Fractures in hematite-stained graywacke Kaolinite 
Hiawatha no. 2 mine 


1. Pockets in goethite ore Kaolinite, gypsum, 


alunite 
Caspian mine 


1. Fractures in graphitic slate 
2. Fractures in hematite iron-formation 
3. Fractures in hematite iron-formation 


Davidson no. 2 mine 


1. Fractures in goethite iron-formation 


Buck mine 


Fractures in hematite-stained graywacke 


Gogebic district, Michigan 


Montreal mine 


Pockets in soft hematite ore 


Newport mine 


1 
2 
3 
4 


HCI residue of dense hematite ore—Yale member 


HCI residue of soft hematite ore—Plymouth member 


HCI residue of hard hematite ore— Norrie member 
HCI residue of soft hematite ore—Pence member 


Amorphous 
Kaolinite, alunite 
2M: muscovite, alunite 


Alunite 


Amorphous 


Dickite 


Dickite 

Kaolinite 
Kaolinite 
Kaolinite 
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APPENDIX (Continued) 
Specimen description 
Geneva-Davis mine 


1. Pockets in highly altered, hematite-stained dike 


2. Fractures in highly altered, hematite-stained dike 


3. Pockets and fractures in altered, hematite-stained dike 
Vicar mine 


1. Vicar dike altered to structureless white clay 
2. Vicar dike altered to structureless white clay 
3. Pockets in goethite-hematite ore 


Wakefield pit 


1. Soft white micaceous mineral in a shear zone near border of a 
metadiabase sill 
2. Bluish-green mineral along shear zone in metadiabase sill 


3. Bluish-green mineral along shear zone in meta liabase sill 


4. Bluish-green mineral on fracture planes of brownish meta- 
diabase sill 


Mesabi district, Minnesota 
Longyear mine 


1. Upper cherty—pockets in soft hematite ore 
Lower slaty —pockets in soft hematite ore 

3. Upper cherty—pockets in soft hematite ore 

4. Intermediate slate—pockets in soft hematite ore 


5. Upper cherty——HC1 residue of dense hematite ore 
Schley mine 

1. Irregular masses in soft goethite ore 

2. Slickensided clays along fault zone in ore 

3. Lower slaty——masses of clay in soft hematite-goethite 
Snively mine 


1. Lower slaty—white, thinly laminated clay interbedded with 
red clay in ore 
2. Lower slaty—pockets in soft hematite-goethite ore 


Richeleau mine 


1. Bleached, white Virginia slate overlying orebody 


Mountain Iron mine 


1. Pockets in soft hematite-goethite ore 

2. Lower cherty—soft white clay occurring along bedding and 
filling pockets in hematite ore 

3. Lower cherty—soft white clay occurring in irregular masses 
in hematite ore 


Mineralogy 


Dickite, dioctahedral 
chlorite 

Regular interstratifica- 
tion 1:1 dioctahedral 
chlorite-mont moril- 
lonite 

Dickite, 1M muscovite 


Kaolinite 
Kaolinite 
Kaolinite, chlorite 


Trioctahedral montmo- 
rillonite, palygorskite 

Regular interstratificar 
tion 1:1 dioctahedal 
chlorite-montmoril 
lonite, 1M muscovite 

1M muscovite, mont mo- 
rillonite 

Dioctahedral chlorite 


Kaolinite 
Kaolinite 
Kaolinite 
Kaolinite 
Kaolinite 


Kaolinite 
Kaolinite 
Kaolinite 
Kaolinite 


Kaolinite 


Kaolinite 


Kaolinite 


Kaolinite 


Kaolinite 
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APPENDIX (Continued) 


Specimen description 
Delaware no. 1 mine 


1. Light green micaceous flakes in fine white to light tan, well- 
bedded, friable chert 
2. Beds of soft white clay in oxidized iron-formation 
. Light yellowish green granules up to 2 mm in diameter in fine 
grained tan matrix 
Thin laminae of soft white clay in friable oxidized iron-for- 
mation 
. Light gray to reddish, well-laminated clay in oxidized iron- 
formation 


Auburn mine 


1. Upper cherty—quartz vein in unoxidized taconite with ro- 
settes of light greenish mineral occurring at grain bounda- 
ries and in druses of quartz 

. Soft white clay occurs as laminae in red painty ore 

Lower slaty——Light greenish-gray shale in ore 

Laminae of soft white clay interbedded with hematite ore 

Tabular fragments of a brownish component embedded in a 
light gray matrix. The general appearance is that of a 
pyroclastic. Stratigraphic horizon unknown, found in the 
bottom of the pit 

Green matrix to clastic quartz in bed 3 feet above the base of 
the Biwabic iron-formation 


mine 


Matrix to quartz pebbles in conglomerate at base of Biwabic 
iron-formation 

Lower slaty——soft white laminae interbedded with hematite- 
rich laminae and layers in ore 

Lower slaty—Light greenish micaceous material associated 
with carbon-rich beds in ore. Well-formed pyrite crystals 
occur in the nontronite 

4. Beds of fine grained, light greenish clay interbedded with 

chert in ore 


Stephen's mine 
1. Thin bedded pockets in soft hematite ore 
2. Soft, highly altered syenite dike in soft ore 
Meadow mine 


1. Lower slaty——soft, white layers in hematite ore 
2. Highly altered syenite dike in hematite ore 


Hill Annex mine—drill core 


1. Fine grained white specks in goethite-hematite ore 
Walker mine 


1. Green clay filling vugs in botryoidal goethite ore from lower 
slaty iron-formation 


Cuyuna district, Minnesota 


Mary Lake area—drill cores 


1. Pockets in soft hematite-goethite iron-formation 
Fractures in porous black slate 
Fractures in hematite iron-formation 
Pockets in manganese-bearing hematite ore 
Quartz- and specular hematite-lined pockets in hematite 
iron-formation 


Mineralogy 


Kaolinite 


Kaolinite, 1M muscovite 
1M muscovite 


Kaolinite 


Kaolinite, 1M muscovite 


Tale 


Kaolinite 
Chiorite 
Kaoliniie 
Montmorillonite 
linite, gibbsite 


Chlorite 


Chlorite 
Kaolinite 


Nontronite, kaolinite 


Nontronite, chlorite 


Kaolinite 
Kaolinite 


Kaolinite 
Kaolinite 


Kaolinite, apatite 


Chamosite (disordered 
7A type) 


Kaolinite 
Kaolinite, 
Kaolinite 
Alunite 
Kaolinite 


alunite 
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APPENDIX (Continued) 
Specimen description 
Vermilion district, Minnesota 
Soudan mine 


. Pockets in hard hematite ore 

. Pockets in high grade specularite ore 

. Pockets in chlorite-rich rock in fault zone in ore 

Vugs in chlorite-sericite schist in fault zone in ore 

. White clay filling vugs in hard hematite ore. Associated 
with euhedral quartz crystals 

. White clay filling vugs in hard hematite ore. Associated 
with iron-rich chlorite crystals 


Steep Rock district, Ontario 
Steep Rock mine 


1. Pockets in goethite-hematite ore 


Mineralogy 


Kaolinite 
Kaolinite 
Kaolinite 
Kaolinite 
Kaolinite 


Apatite, kaolinite 


Kaolinite, 2M; muscovite 
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ABSTRACT 


Naturally occurring strontium was found in both surface and ground 
waters during an investigation of the water resources of Champaign 
County, Ohio. The strontium is related to the presence of celestite 
(strontium sulfate) in rocks associated with evaporite deposition. The 
principal source of celestite in Ohio is in rocks of Late Silurian age. 
Celestite is present also in the glacial deposits of western Ohio, which 
contain rock material of Late Silurian age. Total time in contact with 
the rock material seems to have a large effect upon concentrations of 
strontium in ground water. Streamflow, during low-flow periods, is 
made up largely of ground-water seepage and contains detectable stron- 
tium. 

Strontium has been found in ground water in other counties in western 
Ohio and in the brines of eastern Ohio. 


INTRODUCTION 


THE purpose of this investigation is to add to the meager knowledge of 
naturally occurring strontium in both surface and ground water and to obtain 
information on the concentration of strontium in water in a small area. This 
report is an outgrowth of an investigation of the grouuid-water resources of 
Champaign County, Ohio, being made by the U. S. Geological Survey in 
cooperation with the Ohio Department of Natural Resources, Division of 
Water. 


1 Publication authorized by the Director, U. S. Geological Survey. 
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After strontium was found in the ground water of the county, surface 
water samples were analyzed and also were found to contain strontium. 
Ground-water samples from other counties in western Ohio also contain 
strontium. Further analyses will probably show that strontium is a fairly 
common constituent in both surface and ground waters of western Ohio. 

Location—Champaign County lies approximately in the center of the 
western half of Ohio. Its boundaries in part are section lines and its general 
shape is an irregular rectangle. The county includes 12 civil townships and 
covers an area of 433 square miles. 

Well-Numbering System—The well numbers are based on a_ location 
system. Each number consists of a two-letter prefix, to designate the civil 
township, followed by a number to designate the well within the township. 
Surface-water sampling points are designated in the same way, except that 
the letter S is added to each number. 

Topography and Drainage.—Champaign County lies within the limits of 
late Pleistocene glaciation, and glacial deposits cover almost its entire surface. 
North-south-trending morainal ridges, formed by glaciers moving around 
the Bellefontaine outlier, a bedrock “high” north of Champaign County, 
roughly bound the main drainage area in the county, that of the Mad River, 
which flows from north to south approximately through the center of the 
county. 

The Mad River has the highest dry-weather flow per square mile of 
drainage area of any stream in Ohio. Much of the flow represents the dis- 
charge of ground water from the gravel deposits that border the stream. 

The Mad River drains 59 square miles in Logan County and 188 square 
miles in Champaign County. A small area in the northwestern part of 
Champaign County drains into the Miami River, and the eastern quarter of 
the county drains into the Scioto River. The location of the Mad River and 
its tributaries within the county in shown on Figures 1 and 2. 

Strontium.—Strontium is a typical alkaline-earth element, chemically 
similar to calcium. This element is found in place of calcium or potassium 
in some minerals such as feldspars, micas, apatite, aragonite, pyroxenes, and 
amphiboles (8, p. 472). Celestite, strontium sulfate, is a common mineral 
in carbonate rocks. Strontium carbonate is dissolved in the weathering 
process by water containing carbon dioxide and may be carried in solution 
as the bicarbonate. Gallo (4, p. 630) reported the solubility of strontium 
sulfate at 20° C as 132 ppm (63 ppm of strontium and 69 ppm of sulfate). 
He found that certain anions and cations increase the solubility of strontium 
sulfate. 

The U. S. Public Health Service (11) does not place a maximum con- 
centration limit on strontium in drinking water. Strontium is not included 
by Jacobs (5) as an industrial poison. However, the California Water Pol- 
lution Control Board (1, p. 376; 2, p. 114) lists strontium as toxic to aquatic 
life; the threshold concentration of strontium chloride for immobilization is 
given as 114 ppm. Odum (7, p. 20) concludes that natural strontium is no 
more toxic than calcium and never approaches harmful concentrations. 
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Source of Strontium.—Strontium in water in western Ohio originates prin- 
cipally by solution of strontium-bearing minerals such as celestite. Celestite 
is composed of crystals resembling barite, and without optical or chemical tests 
it may be mistaken also for aragonite and calcite. Celestite is associated 
with limestone and with evaporite deposits of gypsum and rock salt. In the 
Put-In-Bay region of northern Ohio, specimens of celestite with a bluish tint 
are abundant (6, p. 402) in rocks of the upper part of the Silurian system. 
In western Ohio celestite is present in the glacial materials as well as in the 
underlying consolidated rocks of the Silurian system. In eastern Ohio stron- 
tium is present in large quantities in the brines from deeply buried Upper 
Silurian rocks (9, table facing p. 110). 


METHODS AND PROCEDURES 


Methods of determining the presence of strontium in water have been 
refined only in recent years, and little has been published on the occurrence 
and concentration of strontium in natural waters. Chemical analyses of 
water are generally restricted to the more common constituents ; as strontium 
is not among the abundant constituents it generally is included in the analyses 
as an equivalent amount of calcium. 

The determinations of strontium shown in this report were made with 
the Beckman DU Spectrophotometer equipped with a photomultiplier. Ox- 
ygen and acetylene were used as the fuel for the flame spectral emission of 
the sample. An internal-standard technique was adopted from the work of 
Chow and Thompson (3). The strontium spectrum line of 460.7 mp was 
used for the emission intensity. Because of the continuous emission of sol- 
vent it was necessary to subtract the flame background from the strontium 
readings. The background intensity at a wavelength of 454 my was equal to 
the emission at the strontium wavelength and was unaffected by the strontium 
concentration. Therefore, the difference in reading obtained at these two 
wavelengths was used as the measure of light intensity emitted by strontium. 
The use of the internal-standard technique makes the strontium determination 
independent of the chemical and physical condition of the sample. The ac- 
curacy of the strontium determinations in this report is considered to be 
within 3 percent for the higher concentrations and 5 to 10 percent for the 
lower concentrations. The lower limit of detection of strontium is 0.1 to 
0.2 ppm. 


GEOLOGY OF THE AREA 


The consolidated rocks in Champaign County are of Ordovician, Silurian, 
and Devonian age (Fig. 1). The surficial deposits are glacial materials of 
late Wisconsin age (Fig. 2). 

Interbedded shale and limestone of Ordovician age make up the bedrock 
in the bottoms of the deeply buried preglacial valleys in the western part of 
Champaign County (Fig. 1). The bedrock of Ordovician age contains little 
or no celestite or other strontium minerals (10, table facing p. 424). 
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The bedrock in the greater part of Champaign County is limestone and 
dolomite of Silurian age. Rocks of the lower part of the Silurian system 
contain little celestite, but rocks of the upper part of the Silurian system are 
known to contain deposits of crystalline celestite in areas north of Champaign 
County. In some areas near Lake Erie the Upper Silurian rocks contain 
0.96 to 6.08 percent celestite (10, p. 416, 421). 

Limestone and shale of the Devonian system occur in a small area in the 
north-central part of the county. The Devonian rocks contain small per- 
centages of strontium, generally less than 0.01 percent strontium oxide (10, 
table facing p. 424). 

Late Wisconsin glaciers in Champaign County moved from east to west 
on the eastern side of the county and from west to east on the western side. 
These directions of movement, caused by splitting of the glacier by the Belle- 
fontaine outlier north of the county, led to the present location of the Mad 
River, along which are large deposits of gravel outwash. The end moraines 
forming the boundaries of the drainage basin contain celestite, which was 
transported in the glacial debris along with fragments of limestone and dolo- 
mite from the northern outcrop areas (Fig. 2). Thus, the ground water is 
exposed to celestite in both the glacial materials and the rocks of the Silurian 
system. 


CONCENTRATION OF STRONTIUM 


Figure 2 is a map of the Pleistocene deposits of Champaign County on 
which are shown the location of the sampling points and concentrations of 
strontium, in parts per million, found in surface and ground water. Table 
1 lists the concentration of elements and substances found in ground water in 
Champaign County. 

The results of chemical analyses of the water from 22 wells in Champaign 
County show a range in strontium content of 0.0 to 30 ppm. Water from 
5 wells contained no detectable strontium, that from 11 wells contained 0.7 
to 8.3 ppm, that from 5 wells 17 to 20 ppm, and that from 1 well 30 ppm. 
The wells yielding water containing no detectable strontium were in outwash 
deposits. Of the 11 wells yielding water containing 0.7 to 8.3 ppm, 8 are 
in ground-moraine deposits, 2 are in end-moraine deposits, and 1 is in 
limestone. Of the 5 wells yielding water containing 17 to 20 ppm, 2 are in 
ground-moraine deposits, 1 is in end-moraine deposits, and 2 are in limestone. 
The well yielding water containing 30 ppm of strontium is in end-moraine 
deposits. These data reveal an apparent correlation between the type of 
material in which the well was drilled and the concentration of strontium in 
the water. However, this correlation probably is related more to the move- 
ment of ground water than to the type of material. No doubt initial varia- 
tions existed in the distribution of strontium in the county, but these are 
thought to be of minor importance. If so, the most important factor in de- 
termining the concentration of strontium is evidently the length of time the 
water is in contact with strontium-bearing materials. This would account 
for the fact that no detectable strontium was found in water from the out- 
wash deposits. The rate of ground-water movement in the outwash deposits 
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is relatively high compared to that in the other types of materials. The 
slower rate of ground-water movement in ground-moraine and end-moraine 
deposits would account for an increase of strontium such as is noted in samples 
from these deposits. The rate of ground-water movement in the limestone, 
where the strontium is thought to have originated, is not determinable and 
probably is highly variable. The strontium content in water from wells in 
limestone likewise varies over a considerable range. 

The sulfate content of the wells ranged from 5.4 to 75 ppm. There was 
no evident relationship between the sulfate content and the strontium content 
in the ground-water samples. This lack of relationship would suggest a 
reduction of sulfate in the ground, since the surface-water samples show a 
much higher average percentage of sulfate than do the ground-water samples. 
The concentrations of strontium seem to be fairly constant in time, at least 
in areas where the amounts detectable are high, as shown by the reruns of 
samples from wells MR-106 and Ru-29, which are from a gravel aquifer of 
Pleistocene age and a limestone aquifer of Late Silurian age, respectively. 
Strontium values determined in the reruns of the samples were within 2 ppm 
of the original values. 

Table 2 lists the strontium content of surface-water samples in Cham- 
paign County. Much of the dry-weather flow of the Mad River and its 
tributaries in the area of study is obtained from the thick, permeable gravels 
which border the stream. Some of this flow undoubtedly comes from the 
underlying bedrock, since in several localities there are flowing wells that 
have their source in the consolidated rocks. It is to be suspected, there- 
fore, that strontium would be present in the surface waters of the county. 

The Mad River was sampled at both the northern and southern limits of 
the county during periods of both moderate and low flow. It was found 
that when the flow is below the 50 percentile point (median flow) on the 
flow-duration curve, strontium is detected in the stream. Each of the tribu- 
taries of the Mad River in the county was sampled and additional samples 
were taken from Nettle Creek to determine the source of strontium in this 
tributary. 

Strontium concentrations in the Mad River and seven of its tributaries 
ranged from 0.0 to 9.0 ppm (table 2). The strontium concentration de- 
tectable in the Mad River was the same at both the north and south county 
lines and varied according to stream discharge. On April 12, 1957, the 
approximate mean daily flow of the Mad River at the U. S. Geological Survey 
gaging station near Urbana, Ohio, was 269 cfs and the strontium concentration 
was 0.0, or not detectable. On August 14, 1957, the approximate mean daily 
flow near Urbana was 75 cfs and the strontium concentration at the county 
lines was 0.4 ppm. 

In June 1957, samples from seven tributaries of the Mad River (Table 2; 
Fig. 2) were taken for analysis. Four of the streams, Kings Creek, Spring 
Run, Nettle Creek, and Anderson Creek, contained 1.0 to 1.6 ppm of stron- 
tium. Nettle Creek had the highest concentrafion (1.6 ppm) and was re- 
sampled at six different points on August 14, 1957. The strontium concen- 
tration from a point near the mouth to about 4 miles above the mouth was 
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almost constant, ranging from 1.8 to 2.1 ppm. At the next sampling point, 6} 
miles above the mouth, the strontium concentration was 0.8 ppm. Farther 
upstream (74 miles above the mouth) the strontium concentration was only 
0.3 ppm. 

On October 3, 1957, a 2-mile stretch of Nettle Creek, where there was 
a difference in strontium content, was sampled. A study of the samples 
collected at this time showed that the strontium content of the creek was 
nearly constant at 1.6 to 1.8 ppm at points below three springs that flow 
into the creek approximately 6} miles above the mouth. Spring MR-9S, 
flowing into the creek from the northeast, has only 1.3 ppm of strontium. 
However, the other two springs, MR-10S and MR-11S, flowing into the 
creek from the southwest, have 9.0 and 8.7 ppm of strontium, respectively. 
The location of these springs, as can be seen by a study of Figures 1 and 2, 
coincides with a buried (Teays-stage) valley. Discharge of ground water 
from the limestone bedrock that flanks the buried valley may contribute 
strontium to the gravel, which now fills the upper part of the valley. This 
ground-water discharge comes to the surface where Nettle Creek crosses the 
preglacial channel. 


SUMMARY AND CONCLUSIONS 


Natural strontium is found in both surface and ground water in Cham- 
paign County, Ohio. Celestite, or derivatives of celestite, is the principal 
source of the strontium. Crystalline celestite is abundant in rocks of Late 
Silurian age and is associated with evaporite deposition ; celestite is present 
also in glacial materials derived from rocks of this age. Strontium should 
therefore be found in all the glaciated portion of western Ohio and in all 
areas underlain by Upper Silurian rocks. 

Concentrations of strontium in ground water appear to be highest in 
areas where water has the greatest total time in contact with bedrock or 
glacial material. Water in areas where recharge and discharge are rapid 
contain no detectable strontium. The strontium content of water from 
wells in limestone varies over a considerable range, probably because of 
variation in the rate of water movement in limestone. No doubt initial 
variations existed in the distribution and concentration of strontium in the 
county but these are thought to be of minor importance. The same relation- 
ship between rate of movement of ground water and strontium concentration 
is thought to exist in most of western Ohio where similar topographic and 
geologic conditions occur. 

Concentration of strontium in surface waters is related to variations in 
amounts of strontium-bearing ground water and strontium-free direct runoff. 
The relatively high concentrations of strontium in Nettle Creek have been 
traced directly to ground-water discharge from springs. When the dis- 
charge of the Mad River is below the median, strontium is detectable in the 
stream. 


U. S. GeoLocicat Survey, 
CoL_umBus, Onto, 
April 16, 1959 


10. 


11. 


ALVIN J. FEULNER AND JOHN H. HUBBLE 


REFERENCES 


. California Water Pollution Control Board, 1952, Water quality criteria: Sacramento, 


Calif., p. 1-512. 
, 1954, Water quality criteria, Addendum No. 1: Sacramento, Calif., p. 1-164. 


. Chow, T. J., and Thompson, T. G., 1955, Flame photometric determination of strontium 


in sea water: Anal. Chemistry, v. 27, no. 1, p. 18-21. 


. Gallo, G., 1935, Equilibrium of strontium sulfate and water at various temperatures: 


Annali Di Chimica Applicata, v. 25, p. 628-631. 


. Jacobs, M. B., 1944, Analytical chemistry of industrial poisons, hazards, and solvents 


New York, Interscience Publishers, Inc 


. Lindgren, Waldemar, 1933, Mineral deposits: New York and London, McGraw-Hill Book 


Co. 
. Odum, H. T. in Black, A. P., and Brown, Eugene, 1951, Chemical character of Florida 
waters, 1951: State of Florida, Water Survey and Research Paper No. 6, p. 20-21. 
8. Rankama, Kalervo, and Sahama, T. G., 1950, Geochemistry: Chicago, Univ. Chicago Press. 


Stout, Wilber, Lamborn, R. E., and Schaaf, Downs, 1932, Brines of Ohio: Ohio Geol. 
Survey, 4th ser., Bull. 37 

———, 1941, Dolomites and limestones of western Ohio: Ohio Geol. Survey, 4th ser., Bull. 
42. 

U. S. Public Health Service, 1946, Public Health Service drinking water standards: Public 
Health Repts., v. 61, no. 11, p. 371-384 


186 | 
= 


Economic Geology 
Vol. 55, 1960, pp. 187-191 


A METHOD OF MOUNTING MINUTE PARTICULATE SAMPLES 
OF OPAQUE ORE MINERALS FOR QUANTITATIVE 
MICROSCOPIC ANALYSIS 


LEE DILLINGER AND CHARLES B. SCLAR 


ABSTRACT 


A method of mounting fine particulate samples of opaque ore minerals 
as small as 5 milligrams for quantitative microscopic analysis is described. 
The method was specifically developed for the preparation of minute 
samples composed of fine particles ranging in size from 100 microns to 
5 microns. 

The method might also be applicable in the preparation of polished thin 
sections of minute amounts of fine particulate ore-mineral samples. 


USEFULNESS OF THE METHOD OF RESIN INSETS 


In laboratory studies on the mineralogy and geochemistry of complex ores, 
the investigator is frequently forced to work with very limited quantities of 
finely ground analytical products ranging from a few hundredths to a few 
tenths of a gram. Such products are typically obtained by means of the 
Frantz Isodynamic Separator, the Haultain Superpanner and its recently 


developed small-scale version called the micropanner (3), heavy liquids such 
as Clerici’s solution and acetylene tetrabromide, an electrically driven micro- 
drill used for probing and sampling minerals in polished sections, a steel needle 
used for selective manual gouging and sampling of minerals in polished sec- 
tions, and other analytical mineral-separation devices and procedures. In 
the evaluation of an analytical product it is usually important to determine 
both its quantitative mineralogical composition and at least its partial chemical 
composition. Microscopic examination of an analytical product is typically 
undertaken first because the usefulness of a chemical or spectrographic analy- 
sis of a product is in doubt until its mineralogical composition or purity is 
known. When only minute quantities of material are available, it is evidently 
important to conserve as much of the sample as possible for subsequent chem- 
ical and/or spectrographic analysis. Little difficulty is encountered in this 
regard for particulate samples whose critical constituents are nonopaque, 
inasmuch as the mineral composition of such a sample is readily determined 
petrographically by standard immersion methods and whatever portion of the 
sample is used for microscopic examination is easily reclaimed. ‘ 

For finely ground analytical products in which the critical constituents 
are opaque ore minerals, however, a limitation on the quantity of material 
available presents a serious problem because the particles must be embedded 
in a suitable medium, such as Lucite, Bakelite, a thermoplastic resin, or an 
epoxy resin, and then ground and polished for microscopic examination in 
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incident polarized light. The difficulties inherent in this preparatory pro- 
cedure are (1) inability to reclaim the mounted material without dissolving 
the matrix in strong acids that would also attack the mineral grains, and (2) 
lack of control over the distribution of the mounted particles with respect to 
the plane of the polished surface so that, in a mount prepared by conventional 
methods, only a small percentage of the particles embedded in the mount are 
exposed on a given polished surface. The latter problem might be alleviated 
in part by successively regrinding to new levels within the mount and re- 
polishing for microscopic examination, but this is hardly satisfactory when 
the quantity of material embedded in the mount initially is very small (less 
than 30 milligrams) and the particle density in any particular plane is cor- 
respondingly low. If a reasonably quantitative determination of the min- 
eralogical composition of a particulate sample is required, at least several 
hundred particles should be counted (1, Fig. 4). For mounts prepared by 
conventional methods this would necessitate the use of an excessively large 
proportion, if not all, of a 0.01- to 0.5-gram sample in order to expose an 
adequate number of particles in a single polished surface. 

The method of resin insets described in this paper has been specifically 
designed for the preparation of minute particulate samples composed of opaque 
particles which range in size from 100 microns to 5 microns. The essential 
feature of the method is the procedure by which a particulate sample is con- 
fined to a very small area (inset) on the polished surface of the finished 
mount. The method does not permit the material embedded in the mount 
to be reclaimed because there is no known organic solvent for the cured 
epoxy resin (Epon No. 828) employed as the mounting medium. It does, 
however, have the advantage of minimizing the quantity of material required 
to produce a finished mount for quantitative modal analysis, which has a 
suitable particle density and an adequate number of particles exposed on a 
single polished surface. Satisfactory finished mounts with a minimum of 300 
particles exposed on a single polished surface have been prepared routinely 
by this method with as little as 5 milligrams of material. The method can 
probably be extended to smaller amounts of material for less quantitative 
studies. 


PROCEDURAL DETAIL OF THE METHOD OF RESIN INSETS 


Preparation of Blanks.—The embedding medium used in this method is 
Epon No. 828,' a cold-setting epoxy resin to which the catalyst triethylene 
tetramine * is added. A suitable ratio of resin to catalyst is 10 to 1. The 
blanks may be prepared in any geometric form but, for convenience in handling 
and storing, a rectangular parallelepiped 1” x 3” x 2” or 3?” x 4” x }” is 
suggested. 

The liquid resin to which the catalyst has been added is poured into a 
mold formed from aluminum foil. The cast blank is cured at room tempera- 

1 Manufactured by the Shell Chemical Corporation, Union Commerce Building, Cleveland 
14, Ohio 


2? Obtained from the Carbide and Carbon Chemicals Company, 30 East 42nd Street, New 
York 17, New York 
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ture for 45 minutes to 1 hour. The curing time for the blanks can be short- 
ened markedly by placing the liquid cast in a laboratory oven set at 275° F 
for about 15 minutes and then fast-cooling the blank in cold tap water. After 
the blank is cured, the aluminum foil mold can be stripped off by hand. 

If it is known in advance that a large suite of analytical products are to 
be prepared for microscopic study, it is evident that considerable time can be 
saved by casting a large rectangular block, curing it, and then sectioning it 
with a Carborundum cut-off wheel into smaller blanks of the required size 
and shape. 

Mounting the Sample.—A conical depression is drilled into one of the two 
largest rectangular surfaces of a blank with a steel drill mounted in a press. 
The choice of drill size will, of course, be dependent on the amount of material 
available for mounting, but for samples weighing between 5 milligrams and 
100 milligrams, drills ranging from 4 inch to } inch in diameter were found 
to be satisfactory. The depth of the conical depression in the blank should 
be approximately one-third to one-half the diameter of the drill used. The 
sample to be embedded is placed in the conical depression. Liquid resin to 
which the catalyst has been added is then used to cover the sample and fill the 
conical depression. Ten drops of resin and 1 drop of catalyst from an eye- 
dropper constitute sufficient material for three or four insets. The particles 
are mechanically dispersed through the resin of the inset by stirring with a 
fine rigid rod such as a needle. The blank with the liquid-resin inset is placed 
in a laboratory oven at a temperature of 275° F for about 10 minutes. The 
cured mount is fast-cooled in cold tap water and is now ready for grinding 
and polishing. For samples that are sensitive to heat, the inset is best al- 
lowed to solidify at room temperature. 

In special cases it may be advantageous to mount a suite of related ana- 
lytical products side by side for comparative purposes. It is evident that 
this can be done by preparing any number of insets in a single blank. 

The method of resin insets using Epon No. 828 has been tried with both 
Lucite and Bakelite blanks. Neither are as satisfactory as an Epon blank 
because they have a greater polishing hardness than cured Epon No. &28 
Consequently, the polished surface of the Epon resin inset in a Lucite or 
Bakelite blank tends to be a circular dish-shaped depression below the surface 
of the blank, a condition which is undesirable for critical microscopic ex- 
amination. 

The completed mounts with resin insets may be finished by any number 
of grinding and polishing methods which are effective for ore minerals. A 
simple and rapid procedure that has given consistently satisfactory results with 
the resin mounts described in this paper follows. 

Grinding.—The mount is ground successively on a No. 400 grit and a 
No. 600 grit silicon carbide paper-backed disk set on a wheel rotating at 
1,250 rpm. The disk in each case is lubricated with Johnson’s Stik-Wax.* 
Both grinding operations take a total elapsed time of about 3 minutes. 


3 Manufactured by S. C. Johnson and Son, Incorporated, Racine, Wisconsin 
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Polishing.—The ground surface ef the mount is polished with a water 
suspension of Linde B* aluminum oxide on a wheel covered with Buehler 
Miracloth ® rotating at 1,750 rpm. For most ore-mineral mounts the entire 
polishing operation takes less than 2 minutes. A group of finished mounts is 
shown in Figure 1. 


Fic. 1. Finished mounts prepared by the method of resin insets described 
in this paper. 


APPLICABILITY OF THE METHOD OF RESIN INSETS TO THE 
PREPARATION OF POLISHED THIN SECTIONS 


The method described in this paper might also be suitable for the prepara- 
tion of polished thin sections of very small quantities of fine particulate 
samples. Epon No. 828 has a pale amber tint, but a section less than 2 milli- 
meters thick is essentially colorless under the microscope. The index of 
refraction of cured Epon No. 828 to which the catalyst triethylene tetramine 


4 Manufactured by the Linde Air Products Company, 9165 South Harbor Avenue, Chi- 
cago, Illinois 

5 Obtained from Buehler Limited, 2120 Greenwood Street, Evanston, Illinois; Miracloth 
has a medium nap and is a blend of 85 percent cashmere and 15 percent silk 
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has been added in the ratio of 10 resin to 1 catalyst is 1.591 + 0.002, The 
resin has a high adhesive bond strength to glass. 

After the inset containing the sample to be examined has been included 
in the blank, a polished thin section might be prepared by either of two 
methods. As adapted from a procedure described by Barringer (1, p. 30-31), 
the surface of the blank with the inset would be ground smooth with fine 
abrasive and mounted on a glass slide by means of additional resin. The 
mounted blank would then be ground to a thickness of between 15 and 40 
microns, which, for most fine particulate samples, would mean that the inset 
had been reduced to a thin wafer that contains only a single layer of grains. 
As a final step, the surface would be polished for microscopic examination. 
Following an alternative procedure adapted from one described in detail by 
Brison (2), the surface of the blank with the inset would be finished by grind- 
ing with fine abrasive and then covered with about one-half inch of additional 
resin. Most of the original blank would be cut off and the remainder would 
be ground down until the inset was a thin wafer containing only a single 
layer of grains. At this point, the surface would be polished for microscopic 
examination. 
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EDITORIAL 
IF LINDGREN WERE HERE 


The years can blur and dim images which in their time were sharp and 
clear. But the years can also selectively accentuate and bring into truer 
perspective outstanding past thoughts and accomplishments. In this context 
is approached execution of the Editor’s assignment of Lindgren’s influence as 
part of this Memorial Issue a century after his birth and a score since his 
death. Chiefly in mind as audience are those whose scientific coming of age 
postdated the mid-30's, especially since these account for most of the effort 
and most of the pages currently aimed at elucidating that engaging but diffi- 
cult problem, ever central with Lindgren, the conditions and causes of ore 
formation. 

Before considering the main theme, let us review the stature accorded 
Lindgren by his contemporaries of the 30's. Although that period included 
many great figures in geology, a competitive poll for leadership, if taken 
among these, would unquestionably have disclosed that Lindgren, like 
legendary Alexander, ranked foremost; indeed, his eminence is fittingly 
epitomized by the lofty eulogy to Alexander : 


Singular among men of action for the imaginative splendors which 
guided him, and among romantic dreamers for the things he achieved. 


We realize that geology—then even more than now—occasions in the 
public mind less awareness and interest than do many other lines of activity. 
And Lindgren never digressed from his own inquiries and deductions to 
court place or commendation; the distinctions accorded in his own domain 
were as exogenous as Portia’s “gentle rain.” Yet this man truly stands with 
the world’s Great in whatever field. Among scientists, names like Mendeleef 
and Willard Gibbs come to mind for their break-throughs into new relation- 
ships and resulting profound developments. But they, with daily efficiency 
in laboratory and library, dealt with inexorably controlled variables in pre- 
scribed simple systems, and they thus attained a measure of precision and 
finality denied to workers in disciplines with limitless combinations of variables, 
such as biology and geology wherein, moreover, precious time is much diluted 
by forays near and far to seek out ever more evidence. Charles Darwin, 
whose Sesquicentenary is just now celebrated, seems a more apt example for 
equating with Lindgren. By the very nature of their respective fields they 
could never be completely right nor completely final and permanent. But 
each has afforded a unique breadth and quality of foundation on which suc- 
cessors have already based fruitful extensions and improvements. 

Coming now to appraisal of Lindgren’s posthumous influence, the timeless 
quality of his thinking may perhaps best be perceived by seeking to deduce 


192 


EDITORIAL 193 


his reactions to present-day concepts, methods and trends as if he were now 
among us, equipped with his unique grasp and insight, yet aware also of the 
essential developments up to this moment. Notwithstanding close contact 
with Lindgren from 1903 onward, the clairvoyance implied by the adopted 
title clearly imposes caution and restraint, lest subjective predilections bring 
distortion of emphasis or probability. Readers must therefore weigh each 
major statement here offered as if preceded by the reminder: it is assumed, 
one may suppose, or similar conditional. 

Each of the ensuing passages, signalled by ", follows the succinct pattern 
of comparing, for a given important subject, his known then with the deduced 
now, digression occurring only for topics or trends emerging since Lindgren’s 
time. Obviously, the matters here selected by no means embrace the full 
grand range of his thinking. 


" Lindgren keenly felt geology’s need for more effective tools than compass, 
microscope and chemical analysis, which had long constituted his armament. 
He would therefore be deeply gratified by the imposing variety, elaborateness 
and specialization of the material equipment now available for research on 
diversified objectives of which many were not even known in his day. 


* Lindgren was pioneer in organized field study of the geology and ore de- 
posits of extensive areas, besides notably contributing to still broader gen- 
eralizations* like those advanced by DeLaunay under the expressive term 
metallogenetic provinces. He would therefore strongly second contemporary 
examples with much more generous funding by both governments and industry 
and conducted in far greater detail by successive teams over extended periods, 
thereby affording tests of prior views and more new facts through ever- 
extending underground development. 

© His evolving treatments of the time factor under the term metallogenetic 
epochs would insure his sympathy with subsequent researches of similar 
nature, also the use of geologic dating by methods largely dependent on one 
or another manner of atomic change. He would welcome the marked length- 
ening of Precambrian time, thereby reconciling intrinsically slow and feeble 
processes with their strikingly imposing effects; and he would not be seri- 
ously disturbed by the mere divergences of result and interpretation among 
the experts, for he had long sensed that truth is advanced by both trial 
and error. But he might glance somewhat skeptically toward that succession 
of sincere zealots who, almost yearly reporting a new age for the universe, 
the earth or a given ore occurrence, yet seem convinced—individually and 
for the moment—that each such problem is solved. 

* In the many districts he examined and described Lindgren dealt under- 
standingly with the local structural conditions. But his deeper interests lay 
in the more subtle and less accidental mineral and physico-chemical factors. 
This may have been in part because structural analysis was then so inter- 
woven with the strain-ellipsoid theory, which never fired Lindgren’s enthusi- 
asm. Geophysics, having initially embraced much more physics than geo, 
and been soon oversold by its eager practitioners, likewise appealed little to 
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him. But he would surely be intrigued by today’s many and varied aspects 
of structure on local, continental, oceanic and, indeed, global scales, as result 
of seismic, gravity, thermal, magnetic, electrical, space-photographic and 
similar measurements at, above and below the surface of the land and the 
waters, especially when conducted by teams comprising geologists and geo- 
physicists and with instruments designed through similar cooperation. He 
would also weigh carefully the far-ranging inferences and theories deduced 
from these, and the speculative extrapolations as to composition, state and 
properties of crust, mantle and core—even expected samples of the mantle 
lifted through the contemplated superdeep “mohole.” For the more esoteric 
of such offerings he might feel inclined to apply his not infrequent comment, 
made especially incisive by the vestige of Scandian pronunciation: “interest- 
ing—if true.” 

* Lindgren’s own masterful use of mineral relationships as fulcra for prying 
out inner secrets of ore genesis would lead him to rejoice at the amazing and 
multifarious modern developments of pure mineralogical research—such as 
crystal chemistry, X-ray crystallography and high-power microscopy by both 
light and electrons—and the fruitiul participation therein by physicists. 

{| Having long yearned and pleaded for more experimentation, Lindgren with 
great satisfaction noted the establishment and objectives of the Carnegie Geo- 
physical Laboratory. The abundant and maintained flow of results chiefly 
on synthesis and phase relations of relatively simple silicate systems excited 
the mineralogists and petrologists; but Lindgren and others had their appe- 
tites whetted by the hope that, as in some specialized side-investigations per- 
formed by the Laboratory, there would eventually emerge equally precise 
results on the notably complex systems abundantly existing in nature. 
Through the Laboratory and the groups and individuals inspired by it, the 
initial objective and Lindgren’s hope have been increasingly approached. If 
Lindgren were here, he could in this very twelvemonth have witnessed with 
delight TPX phase-presentations of astounding intricacy yet based directly on 
rigidly-controlled experimental findings on such multicomponent systems as 
exemplify and explain natural igneous rocks of many varieties. He would 
assuredly rate this as a major break-through in geology, analogous to those 
by Gibbs and Mendeleef. Nevertheless, he would be sobered by realizing 
how very much more of such exacting work remains for execution. 

* Among Lindgren’s major contributions was his proper and commendable 
effort to assign, within reasonable limits, the respective temperatures and 
pressures attending formation of the various genetic categories of ores. For 
this purpose he had as experimental tie-points little more than the critical 
values for H,O and the high-low inversion temperature of quartz. But 
essentially pure water except in the atmosphere is rare indeed, while critical 
phenomena in systems of only two or three components vary widely as to TP 
values; and systems approaching those in natural rock and mineral genesis 
are probably incapable of those severely exacting simultaneous relations of 
PTX required by critical theory. Moreover, it was proved that inversion 
temperatures vary with pressure, whilst sure distinction between high and 
low in nature's ubiquitous quartz proved difficult if not unattainable, and the 
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other SiO, transitions are too high for use in most ore-forming systems. 
During Lindgren’s life, therefore, criticisms of his assigned T and P values 
increased ; and in his last general paper (1936) he presented what amounted 
to defensive data. This, however, involved temperatures too high for use 
on ores, or else applicable only to restricted examples. But he, like others, 
recognized that comprehensive research on this subject was sorely needed. 
Fortunately, the burgeoning growth of research equipment, methods, man- 
power and incentives implied in the paragraph just preceding permitted in- 
tensive and diversified attack on just such problems, with resulting copious 
accounts of findings and interpretation. The geologic thermometer is con- 
stantly receiving new notches on its stem, nor is the piezometer neglected. 
All this would enthuse Lindgren. But his elation would very probably be 
tempered by important present reservations, such as the following. In dif- 
ferent hands the same method too often yields unlike results. Bubble-dis- 
appearance and adjacent decrepitation are plagued by the subjective distinction 
between “primary” and “secondary” fluid inclusions; and together with the 
thesis that the fluid is a trapped present sample or close derivative of the 
ancient mineralizing medium, these methods belittle or ignore the inescapable 
evidences that the crystal lattice is not leak-proof but instead permits entrance 
and egress of atoms and ions at rates adequate to accomplish the minute task 
of causing significant compositional change of the vacuole content in the long 
time between initial formation and date of study. Temperature (and pres- 
sure) determinations in synthesis of given minerals or mineral combinations 
by one or another of the beautiful experimental means now available are (a) 
still mainly confined to the simplest possible chemical systems, and (b) largely 
in the hands of younger specialists whose knowledge and concern about 
nature’s analogous products have had little opportunity of development; in 
consequence, the findings in bomb or crucible are sincerely offered and de- 
fended as true indices of geological genesis. This despite the fact that their 
similar experiments on end-members of an isomorphous or solid-solution 
series disclose that the respective TP’s differ. It would be like Lindgren to 
inquire how much greater still would be the effect on a phase forming in so 
complex a system as the typical hydrothermal solution, since reliable answers 
to that question would relieve geologists of much confusion. 

Fascinated since boyhood by mineral pseudomorphs, the mature Lindgren 
gave much consideration to the processes of metamorphism, which after earlier 
papers thereon was chosen as subject of his G.S.A. Presidential address. Like 
most contemporaries and predecessors, he conceived removal of the original 
and deposition of the subsequent material through utilization of pervasive 
minute fracturing, disperse porosity, or some other manifestation of perme- 
ability. Accumulating microscopical study convinced him that these “open- 
ings” must be beyond the microscope’s resolving power. This same study 
gradually impressed on him the precise equivalence of volume of the old and 
the new substances when the replacement occurred in strong and confined 
material. Thus arose one of the few laws of geology: what became known 
as the Lindgren Law of Constant Volume. But this posed new problems of 
prime magnitude. Atomic weights, molecular volumes, the revered stoichio- 
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metric proportions of chemical equation—all these had to go overboard if 
simple geometric volume was to control the replacing process. At about that 
stage in the inquiry, Lindgren reverted to proposals by Liesegang with re- 
spect to migrations and distributions in colloids, and with the impetus of a 
persuasive assistant, Boydell, he was led to associate closely the replacement 
and the colloidal processes. This in turn led to his listing of those numerous 
conditions or attributes of chemical reaction which do not hold where colloids 
are involved, and likewise presumptively fail in volume-for-volume metasoma- 
tism. Although aware of diffusion in the strict sense and mentioning it in 
connection with replacement, he tended strongly to depreciate its importance. 
Subsequent work by physicists, metallurgists, chemists, crystallographers and 
geologists would convince Lindgren of the many inescapable evidences of 
ionic diffusion into, within and out of the “normal” crystal lattice. He would 
agree that finite openings in the usual sense are unnecessary, even though these 
if sufficiently large and continuous would accelerate accessibility. Diffusion 
in gels, he would agree, is rapid because of the relatively low density of 
population and the loose coordination of the component atoms. The striking 
present-day retreat from former exuberant ascriptions of ore deposition to 
colloidal processes—save for certain near-surface occurrences—he would prob- 
ably, with a sheepish smile, cite as further proof of the evanescence of scien- 
tific “fashions.” 

* In gradually evolving his inclusive consideration of ores on the basis of 
physico-chemical controls, thereby presenting a classification more exactingly 
genetic than any preceding, Lindgren’s extensive field work led him to place 
prime emphasis on direct magmatic ancestry for many types of deposits. His 
support of that concept will doubtless long stand as his greatest contribution. 
Yet he rode no single steed; and latterly he somewhat softened insistence on 
the exclusively igneous role for numerous occurrences. Examples and conse- 
quences of this appear in several paragraphs below. 

{ Schooled under the German belief in surficial syngenetic accumulation he 
adhered steadfastly to that origin for various occurrences such as the “red- 
bed” ores. He therefore would probably be sympathetic to interpretations 
of contemporaneity in the worldwide investigations of uranium deposits (with 
or without copper or silver or gold), whether in Colorado Plateau, Algoma 
or, possibly, the Witwatersrand—see later. But he would also encourage 
those inclined otherwise to persevere in their quests. Himself broad-minded 
and receptive, he never strove to play safe. Therefore, he might be expected 
in the present instance to withhold support for the slippery compromise term 
“penecontemporaneous.” 

" Contact-metamorphic, i.e., pyrometasomatic, ores (to which Lindgren 
ascribed strong magmatogenetic significance) he might well be surprised to 
find now treated with less emphasis and consideration. This may be ascribed 
in part to the virtual mining out of many notable examples of the type, since 
they were as a rule confined to a specific structural-stratigraphic locus of 
limited expanse. But relegation may possibly result also from that infiltrating 
philosophy of the day which mentions magma only in whispers. 
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Early encountering of mineral-depositing hotsprings in metalliferous areas 
fitted well into Lindgren’s accumulating philosophy of ore genesis. He 
thenceforth developed this facet of interconnection, and when opportunity 
offered he visited still more occurrences where very hot springs are associated 
with ores and/or recent volcanism. His various writings dealing with this 
subject made clear his conclusion that such springs—perhaps mingled in their 
upper reaches with some proportion of meteoric water—represent the final 
surface expression, the depleted waste liquor, of the deep-sourced magmatic 
emanations of which certain fortunate ones carry and deposit metalliferous 
materials. In his next-to-last philosophical offering, “Waters, Magmatic and 
Meteoric,” 1935, he announced his final stand, agreeing that “many hotsprings 
in voleanic regions are really largely meteoric waters of the upper circulation 
mingled with igneous emanations. ... But the arguments [for meteoric 
mingling] would appear to fail in the case of mineral deposits formed at depths 
below the meteoric circulation.” Allen and Day’s exhaustive treatise on 
Yellowstone, appearing slightly later, tallied with the first part of the fore- 
going quotation. It would thus seem that Lindgren would today be in con- 
siderable degree sympathetic with recent studies of hotspring areas which 
advance the view that the water is mainly meteoric, that the heat is acquired 
mainly from hot solidified rocks, and that the proportions of magmatic H,O 
and magmatic heat constitute very small percentages of the totals. To what 
extent Lindgren would accept an important leg of these conclusions, namely 
the respective oxygen-isotope ratios for mid-continent meteoric vs. magmatic 
water, should probably be left for the decision of each reader. Indeed, if 
Lindgren could know that the severe earthquake of August "59 instantly 
caused a dramatic intensification of Yellowstone thermal activity that still 
persists, and if this is found probably to stem from recurrence of local mag- 
matic unrest, he might revert to his strongly pro-magmatic views of the 
10’s and 20's. It is hardly to be doubted, in any case, that he would em- 
phatically retain the view implicit in the second part of the foregoing quotation, 
namely, that the intimate genetic relationship between magmatic emanations 
and many ore occurrences holds regardless of whether or not there be 
mingling with meteoric water in the near-surface regions. 

{ The 1935 paper just cited proceeds to test, in his carefully informed and 
judicial way, the generality of magmatic vs. meteoric for important ore regions 
in which the issue has long been strongly controversial. Most of the deposits 
considered are classed by him as “telemagmatic,” and are represented by the 
Mississippi Valley, Belgian and Silesian lead-zine ores, and the Lake Superior 
copper ores. The outstanding conclusions may be expressed in the following 
condensed quotations : 


The present tendency [regarding meteoric waters] to minimize their quantity 
and importance has perhaps gone too far . . . meteoric waters in permeable sedi- 
mentary rocks may easily reach a depth of 8,000 and possibly over 10,000 feet . . . 
the present distribution and composition in a body of rock may be entirely different 
from that prevailing . . . when certain ore deposits now contained in them were 
formed and may in fact have changed several times since. 

The telemagmatic lead-zinc deposits [were] formed by mixtures of magmatic 
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and meteoric waters, generally saline, and . . . they are most closely related to 
the epithermal deposits. 

. in the region now occupied by the Lake Superior copper deposits, the 
conclusion i is reached that many and important changes in the water conditions have 
taken place. ‘The opinion is advanced that during the deposition both magmatic and 
meteoric waters were present. 


{ Discussion of Lindgren’s treatment of the world’s greatest ore occurrence, 
the Witwatersrand, may fittingly close the details of this endeavor. His 
capacity to change with changing evidence is nowhere better revealed; here, 
as ever, it implies neither indecisiveness nor moral compromise. The essence 
of the situation may be put by dated brief quotations. 
1905—“Ore Deposition and Deep Mining.” 

The Rand has been a fertile field for speculation and genetic theories. Marine 
precipitation, detrital origin and deposition by ascending solutions have been ad- 
vanced with varying success, but at the present time the last view seems decidedly 
the most reasonable. 


1933——“Mineral Deposits,” 4th Edn. 


The first suggestion that the conglomerate may be simply an alluvial or littoral 
placer is refuted by the character of the gold and its close association with the 


pyrite and the absence of magnetite and ilmenite. Many .. . advocates of the 
placer theory are compelled to admit a recrystallization of the gold and a trans- 
formation of magnetite and ilmenite into pyrite. . . . There are [however] many 
strong arguments supporting the placer theory. . . . On the other hand, evidence 
for hydrothermal action is also strong. It seems probable that much water, partly 
or wholly of magmatic origin, must have . . . found [its] way into the auriferous 
conglomerates . . . and added some gold to that of detrital origin. . . . The con- 


clusion might, therefore, be justified that the Rand banket is a detrital gold deposit 
slightly enriched by hydrothermal processes. 


1935——Waters, Magmatic and Meteoric.” 


... there are two opposing opinions as to origin. ... The present writer is 
content to leave the decision to those who have a first-hand knowledge . . . little 
is known about the physiography and the paths of the water . . . before the beds 


had been cemented. They most likely were far more permeable than now, and 
there is a strong probability that any ascending magmatic water would find con- 
siderable meteoric water to mix with. . . . The whole question seems to the writer 
to be still open. 


Lindgren would now find the known auriferous horizons greatly extended, both 
areally and stratigraphically, revealing many of the old detailed relationships 
and plentiful new ones, including especially the presence of profitable uranium 
—frequently associated with carbonaceous material—also substantial stretches 
of invariably pyrite-bearing reef in which both nickel and cobalt are found to 
outweigh the normal gold content by tens of fold. He would be pleased to 
find an enormous increase in geological talent now employed by the mining 
companies. The vast majority but not all of these acknowledge allegiance to 
the modified placer theory. Since discovery of uranium and its profitability, 
numerous seasoned experts, some in official capacities, have visited the area 
and these take insistent but opposite genetic stands; perhaps in number of 
pages favoring the contrasting beliefs the odds are about even. If Lindgren 
were here, he would unquestionably investigate the region with usual thor- 
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oughness ; whatever conclusion he would reach would surely be worth knowing. 
" The six preceding paragraphs, beginning with “In gradually evolving . . .”, 
have here been dealt with more fully than otherwise because of the impression, 
apparently rather widely entertained by younger workers, that Lindgren’s 
penultimate “Waters, Magmatic and Meteoric” represented a sort of covert 
renunciation or abdication of his cumulative prior emphases on the great role 
of magmatic influences. The treatment here adopted has been intended as 
a challenge to these to read—or reread—that article, compare its substance 
with his prior statements, and come to their own conclusions. However they 
decide, they are likely to find this a rewarding effort. It would be entirely 
out of character for Lindgren to insist how others should believe. Nor would 
his influence be exerted primarily to protect and promote his own notions. 
Instead, his motivation would be the wholly proper one of encouraging search 
for a better understanding of problems so manifestly difficult. If he were 
among us now, he would wholeheartedly acclaim the independence and wide 
range of thinking shown by the current generation of investigators. He would 
accept as inevitable the dizzy maelstrom of intermixed facts, hypotheses and 
beliefs at this time of unprecedented activity and competitive performance, 
and would recognize the advantage in having many offerings from which we 
could select and pursue those deemed soundest. But it is believed that he 
would see, also, many indications on the debit side, and would feel under 
obligation to exert such efforts as he could to guide the general flow into 
directions he would deem more productive and enduring. High on the list 
characterizing today’s activities needing attention he would probably place 
the marked tendency toward loss of faith in magmas in the former sense, and 
the substitution therefor of an array of differing speculations and inventions 
flying off in all directions, like a lot of similarly-charged pith balls, each one 
of these attracting its own group of believers. Given lots of matter are con- 
ceived to be moved selectively from some vaguely specified source and de- 
posited in concentrated state at the locus where actual concentration is found— 
and the process of metallic concentration is thus deemed accounted for or “ex- 
plained,” though without due consideration of the intervening hurdles, the 
energy requirements or the physico-chemical state of the transported material 
that would be involved. All this is blithely embraced under the best-selling 
term-of-the-month, mobilization or remobilization. And it is applied not 
only to account for ore bodies and ore districts but also on a far vaster scale 
to rock metamorphism, notwithstanding the enduring fact that, save for 
“granitization,” the bulk composition of most metamorphosed rocks so nearly 
duplicates—save for volatiles—that of the unmetamorphosed varieties previ- 
ously present that the initial nature and sequence, and much of the original 
gross structure, can still be deduced. Granitization can, in examples of fortu- 
nate exposures, be clearly seen as a special kind of deep-seated contact meta- 
morphism induced by the adjoining igneous intrusive ; and the fact that major 
chemical changes of this nature can occur even though the causative magmatic 
body is not to be seen led Lindgren to substitute the term pyrometasomatism 
for contact metamorphism, both holding the same significance. That anatexis 
and syntexis are geological possibilities and perhaps geological realities on 
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a scale greater than the near-margin or inclusion assimilations by a visible 
magma may not be safely challenged. But to invoke such process on a great 
scale, to bring into existence a new magma body of substantial dimension and 
appropriate properties by a mere wave of the human cerebrum might well 
seem to Lindgren pretty far-fetched unless accompanied by adequate account- 
ing for all the necessary factors, including the latent effects. And to explain 
the presence of ore metals in a magma so produced by supposing that the 
metals were already present in the sediments which had been digested or melted 
does not solve the problem of ore genesis; it merely pushes the problem one 
more notch back—unless it accounts for the origin of the sediment and of the 
metals assumed contained therein. Lindgren reminds us in his “Waters” 
paper that “It is probable that all the water of the earth was originally mag- 
matic.” He might with equal cogency have attributed all the earth's rockstuff 
and metals—save for the fractional contributions of infallen large or tiny 
meteors—to similar magmatic ancestry. 

In reviewing the state of science as this decade of the 50's closes, several 
acknowledged leaders in other disciplines than geology have voiced queries 
as to whether contemporary workers may not have become so engrossed with 
their almost magic “thinking-machines” and the super-erudition of their 
theorizings as perhaps to be losing sight of the great and probably greater 
problems that yet lie unexplored. Lindgren, if he were here, would almost 
certainly not share such gloomy fears as applying to his own science. He 
would recognize that all science is undergoing increasingly complex prolifera- 
tion, also that automatic computers and like devices are wondrous time savers 
when wisely fed—it was a common expression of his that mathematics can 
yield a result no sounder than the premise upon which it starts. But he 
would believe that the thrilling challenges of the geo will ever be too obvious 
and demanding in the minds of its disciples to grow dim or pass out of style 
for as long ahead as is worth present consideration. 

In summary, it goes without saying that attempt to deduce Lindgren’s 
probable influence as reaching to the present and on into the future would 
in any other hands differ, perhaps fundamentally, from what is here pre- 
sented. One can only record that numerous geologists of competence who 
had some degree of personal contact with the man and sensed his quality and 
great power have expressed in recent years the earnest wish that Lindgren 
might still be here, to exert his strangely-effective influence toward modifying 
and better orienting the dynamic and potentially productive though turbulent 
and confused status now so obviously existing. If that could be, no one need 
fear that narrow, shortsighted or subjective ends would be urged, for the 
world knows that the man could not act in any such manner. Since Lind- 
gren’s presence is only imaginary, the one to whom this assignment falls has 
merely sought, earnestly and with reverence, to suggest how he would react 
to the state of ideas now existing. All geologists will act wisely in pondering 
earnestly the published views of this great scientist and teacher who, withal, 
was a man of deep human understanding and friendliness. 


L. C. Graton 


ORANGE, CONNECTICUT, 
December 21, 1959 
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A GEOLOGIC-PROFILE PLOTTER 
OWEN T. MARSH 


Profiles of the land surface, geologic formations, or other features may 
be constructed by several different procedures, most of which are rather 
awkward and time consuming. The proposed instrument (Figs. 1, 2) would 
eliminate several sources of error and considerably reduce the time required 


Fic. 1. Photograph of profile plotter in use. 


to plot and check points on the profile. It has the added advantage of en- 
abling one rapidly to restore faults so that regional dips and flexures which 
existed prior to the faulting can be made evident. 

Although measuring scales exist for almost every desired combination of 
map scale and contour interval (Table 1), the numbering on these scales 
is almost never suitable for marking off altitudes on the profile. For ex- 
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ample, to construct a topographic profile from a topographic map having a 
contour interval of 50 feet, if the lowest altitude on the profile is 7,400 feet 
and the highest altitude is 7,550 feet, a scale having a set of markings at 7,400, 
7,450, 7,500, and 7,550 is needed. But these figures are not usually shown 


steer 


ASSURING 


on the scale. When the profile plotter is used, the set of markings actually 
needed is temporarily pencilled on the edge of the instrument and is used to 
plot each point directly. 

The profile plotter (Fig. 2) can be constructed by anyone who has access 
to a few machine tools. It consists essentially of a lucite base and a brass 
plate clamped together by two thumbscrews whose heads are countersunk 
into the underside of the instrument. The lucite base measures 4 X 6 X 1/4 
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inches; the brass plate measures 2-1/4 x 6 X 1/20 inches. The lucite base 
is beveled along one edge and the brass plate is curved or bent along one side 
(Fig. 2) so that, when the measuring scale is inserted between the lucite base 
and the brass plate, the three parts can be drawn together by means of the 
thumbscrews. The scale is clamped firmly so that its edge is in contact with 
the drawing paper. The measuring scale, 6 or 7 inches in length, is the 


TABLE 1 


SoME OF THE PossiBLE COMBINATIONS OF Map SCALes AND Contour INTERVALS 
TuHat CAN BE CONVENIENTLY OBTAINED USING STANDARD MEASURING SCALES 


Map scale Contour intervals (in feet) | seenanen eae to 
1: 10,000 (10), 20, 40, 60, 80, 100 10,000 
25, 50, 100, 150 20,000 


12,000 10), 20, 40, 60, 80, 100, 500 12,000 
25, 50, 75, 100, 250 | 24,000 
25, 50, 250 48,000 


15,840 (25), 50, 100 15,840 
25), 50, 100, 200, 250, 500 31,680 


20,000 25), 50, 100, 150, 200, 250 20.000 
20), 40, 80, 200 10,000 


24,000 (25), 50, 100 24,000 
20), 40, 80, 200 | 12,000 
25), 50, 250, 500 48,000 


31,680 50), 100, 200, 300, b 31,680 
(50), 100, 200 15,840 


48,000 50), 100, 200, 300, q 48,000 
(50), 100, 200 24,000 
40), 80, 400 12,000 


62,500 (50), 100, 200, 62,500 
50), 100, 200, , 125,000 


63,3600 50), 100, 200, 300, 400, 63,360 


125,000 (100), 200, 500, 1000 | :125,000 
100), 200, 500, 1000 | :62,500 


Note: Numbers in parentheses are contour intervals represented by one-half the smallest 
division on measuring scale 


standard type used by the U. S. Geological Survey. When several profiles 
involving different map scales and contour intervals are to be made, it is a 


simple matter to loosen the thumbscrews, slip out the measuring scale, and 
insert another one. 


A white plastic strip about 1/4 inch wide is glued along (and preferably 
countersunk into) the edge of the brass plate that presses against the measuring 
scale. Altitudes that lie between the highest and lowest points on the profile 
can be pencilled on this white strip opposite tick marks on the measuring 
scale. Later these figures can be easily erased and a new set pencilled on 


204 SCIENTIFIC COMMUNICATIONS 


the strip for use in drafting a different profile. The numbers shown on the 
measuring scale itself are of no use in plotting the profile and are hidden 
under the edge of the brass plate ; only the tick marks can be seen. 

Sometimes the geologist wants to profile a particular stratigraphic hori- 
zon (for example, the base of the Dakota sandstone) instead of the land 
surface. If the horizon has been faulted, it may be desirable to restore it to 
its position prior to faulting in order to reveal any regional dip or flexure 
that existed before the faulting occurred. Hitherto, this has necessitated 
shifting the whole base line (that is, the straight-edge) up or down by the 
amount of the throw each time a fault is encountered. This is very awkward, 
as the straightedge may be taped to the paper. The profile plotter can re- 
store the stratigraphic horizon to its position prior to faulting rapidly and 
accurately without the necessity of moving the straightedge. Two-inch slots 
in the brass plate permit it to slide in a direction parallel to the edge of the 
scale. The lower end of the scale rests against a screw in the brass plate 
so that the two are always in register when the plate is shifted to restore 
faults. 

Table 1 shows which of the standard 6- or 7-inch measuring scales should 
be used for any desired combination of map scale and contour interval. The 
list is not exhaustive, as there are many other possibilities. 

Last year the Geologic Division of the U. S. Geological Survey had 15 
sample profile plotters constructed for testing in its offices throughout the 
country. Response to date indicates that it is both faster and more con- 
venient than previous methods. The instrument is now being used in the 
Branch of Technical Illustrations, U. S. Geological Survey. 

U. S. Survey, 


PENSACOLA, FLORIDA, 
Oct. 21, 1959 


Economic Geology 
Vol. 55, 1960, pp. 205-206 


DISCUSSIONS 


SOME CONSIDERATIONS IN DETERMINING THE ORIGIN OF 
ORE DEPOSITS OF THE MISSISSIPPI VALLEY TYPE 


Sir: As one who has been studying the British representatives of this type 
of ore-deposit for more than twenty years I was extremely interested in 
Ernest L. Ohle’s review of the present state of knowledge and belief concern- 
ing them. Few geologists will disagree with his postulate “. . . there is so 
much similarity in all these deposits that it seems necessary for all of them 
to have had a similar mode of origin, whatever that may be. . . . Either 
they all have igneous affiliations or they all do not,” or with his factual state- 
ment, “Most of the districts have no evidence whatever of igneous activity 
that is younger than the ore host rock. This characteristic . . . is the one 
that has confounded the hydrothermal school.” The purpose of this letter 
is to draw attention to evidence which appears to have escaped the authors’s 
attention and which gives the strongest possible support to an igneous affilia- 
tion for the Mississippi type deposits in the North Pennine area of England, 
and hence for all such deposits. 

As long ago as 1934 Dunham (1) showed that the minerals in this field 
had an indubitable zonal distribution which it would be difficult, to say the 
least, to explain on the basis of deposition by meteoric waters. In 1957 Bott 
& Masson-Smith (2) published the results of a gravimetric survey of the 
area. These results are interpreted by them to indicate the presence at depth 
of a granitic mass which rises to within 5,000 ft. of the surface and around 
which the mineral zones are symmetrically disposed. This significant piece 
of research has not, in my opinion, received the recognition it deserves. It 
needs only a core-drill to convert this strong probability of igneous affiliation 
into a certainty, and it is hoped that funds will be made available for this 
purpose. 


G. A. SCHNELLMANN 


115 Moorcate, 
Lonpon, E. C. 2, 
Nov. 6, 1959 


REFERENCES 
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SULFUR ISOTOPES AND HYDROTHERMAL 
MINERAL DEPOSITS 


Sir: A recent paper by Jensen (1) discusses the use of sulphur isotope 
ratios as a tool to aid the economic geologist. As possible causes of isotopic 
fractionation, chemical exchange reactions, bacterial reduction and differ- 
ential mobilization (e.g., diffusion) were listed. I would like to suggest that 
surface exchange should also be considered as a possible origin of isotopic 
fractionation. 

We have recently done experiments in which a solution of saturated SrSO,, 
labelled with a pair of Sr isotopes (either Sr** and Sr® or Sr** and Sr**), 
was added to the top of a column packed with SrSO, crystals and then eluted 
with a large volume of inactive saturated SrSO, solution (autochromatog- 
raphy (2)). The resulting elution curves show a definite isotopic fractiona- 
tion, the Sr*’, for example, coming out ahead of the Sr*’, as one would expect. 


Sr® + Sr*”SO, = Sr*SO, + Sr* 
(solution) (solid) (solid) (solution) 


The plot of Sr*°/Sr® versus volume of eluate indicated an isotope separation 
of about 30 percent between the leading and tailing fractions for a 10 cm 
column of SrSO, (3). A similar, but smaller isotope effect was found with 
Sr and Sr® (4), and it seems highly likely that a corresponding effect 
would be found for S**O, and S"*O,. 

Situations parallel to the foregoing must often occur in nature, e.g., when 
ground waters or hydrothermal solutions pass over slightly soluble salts, and 
it is therefore suggested that isotopic separation by autochromatography may 
be an important geological effect. 

J. W. T. Spinks 

CHEMISTRY DEPARTMENT, 

UNIVERSITY OF SASKATCHEWAN, 


SASKATOON, CANADA, 
Nov. 5, 1959 
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REVIEWS 


The Study of Rocks in Thin Section. By W. W. Moornouse. Pp. 514; figs. 
226. Harper & Bros., New York, 1959. Price, $8.00. 


The author in his preface states “This book has been planned with the purpose 
of providing in a single volume a brief review of the methods of optical mineralogy 
(with a minimum of optical theory), descriptions of the rock-forming minerals 
encountered in the more common rocks, identification tables to assist in the identi 
fication of these minerals, and descriptions of the common rock types.” 

The book's 30 chapters cover optical mineralogy ; descriptions of minerals ; 
petrography of the several families of igneous rock; six groups of sedimentary 
rocks; metamorphic rocks; dynamic, thermal and regional metamorphism; and 
petrography of ores. Each chapter is concluded with a section on the economic 
geology of the different rock groups. Considerable attention is paid to altered 
rocks. Some 300 new drawings illustrate the rock types. The mineralogical 
sections feature a consecutive numbering system identifying the minerals in the 
tables, facilitating reference to the mineral descriptions without having to use the 
index. 

The book is clearly written and well illustrated and should prove a good text 
and a handy reference. 


Geology for Engineers, 2nd Edition. By Joseru M. Treretuen. Pp. 632. 
D. Van Nostrand Co., Princeton, N. J., 1959. 


This second edition appears ten years after the first and incorporates much 
new information that has appeared during this interval. The first four chapters 
deal with minerals, rocks, and igneous activity, and two appendices give physical 
properties and tables for identification. This is followed by chapters on the 
processes that affect the rocks such as weathering, the regolith, deformation, 
metamorphism, and earthquakes. Succeeding chapters deal with field work, geo- 
physical exploration, earth history, geologic maps, atmosphere, subsurface water, 
earth movements, streams, dam sites, shorelines, glaciers, and interpretations of 
topographic maps and aerial photos—a rather unusual arrangement of chapters. 

The general arrangement is similar to the first edition, but considerable re- 
vision has been given to the chapters on minerals, subsurface waters, earth move- 
ments, and streams. A new chapter has been added on unconsolidated rocks, and 
some of the fundamentals of soil mechanics have been introduced. The illustra- 
tions are well chosen and revealing. 

The new edition should continue to be a useful textbook. 


Everyday Meteorology. By A. Austin Mirier and M. Parry. Pp. 270; pls. 
21. Philosophical Library, New York, 1959. Price, $7.50. 
As is the case in many English books on meteorology this one is chiefly 
directed for the benefit of farmers, gardeners, builders, and those interested in 
ships and shipping. It is designed to help the amateur understand weather fore- 
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casting and its difficulties, but it also brings in the science of weather. It treats 
of the causes of weather, air masses, fronts, air circulation, world weather types 
and local weather, and forecasting. An appendix gives weather symbols and 
weather plotting. 

It is good reading for the amateur and a handy, simple, reference on meteorology. 


Edelsteine und Perlen. By K. ScutossMAcner. 2nd Edit. Pp. 340; figs. 115; 
pls. 5. Verlag E. Schweitzerbart, Stuttgart, 1959. Price, DM. 30. 


This second edition, following the first after five years, is enlarged by 60 pages 
and considerably revised. Like its predecessor, it is divided into three parts: 
(1) General information including crystal structure, properties of precious stones, 
optical properties and methods, and instruments for examining them; (2) de- 
scriptions of the various gemstones giving their properties, occurrence, origin, 
imitations, notable examples and prices; (3) applied lapidary, including cutting, 
polishing, and engraving. At the back are three plates of microphotographs of 
stones and two beautiful colored plates of raw and cut gemstones. 

The first edition was neither a textbook nor a popular account. This edition 
stresses more the scientific phases to make it suitable for a text and reference. 
Many deficiencies of the earlier edition have been eliminated or revised. For 
example, the ancient chemical nomenclature of the silicates used in the first edition 
has been brought up to date. Several, but not all, of the deficiencies pointed out 
in a review of the first edition have been corrected. The book is now much more 
dependable and usable. 


Contemporary Geodesy. [Edited by Cuartes A. Witten and Kennetn H. 
DrumMMoND. Pp. 95. Geophysical Monograph No. 4, American Geophysical 
Union, Washington, D. C., 1959. Price, $5.00. 

This monograph contains the proceedings of a conference held at the Harvard 
College Observatory—Smithsonian Astrophysical Observatory, Cambridge, Mass., 
Dec. 1-2, 1958. The conference was conducted under the joint sponsorship of the 
two observatories and the American Geophysical Union with the aid of a grant 
from the National Science Foundation. 

The book is divided into four parts: Forewords; Geodetic Fundamentals ; 
Problems of Modern Geodesy; and Geodesy and Space. It contains 17 articles 
by 22 authors, along with discussions. The section on Fundamentals contains 
articles on the geodetic concept, geometric techniques and aspects of physical 
geodesy. The Problems section deals with geodetic astronomy, networks, baro- 
metric heights, gravity, and ellipsoid parameters from satellite data. The last 
section on Geodesy and Space considers rocketry, satellites, tracking, orbits, com- 
putations and space navigation. 

The various articles result from the launchings of high-altitude rockets and 
artificial satellites, which have opened up a new era in the collection of scientific 
data. There were 107 participants at the conference drawn from observatories, 
laboratories, geodetic surveys, army, air force, navy and other governmental 
agencies, university departments of astronomy, geology, physics, electronics, and 
others. 

To one interested in scientific matters relating to space, the book is full of 
new information prepared by authorities in the various subjects. 
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Anglo-America: A Regional Geography. By Eart B. Suaw. Pp. 480; illust. 

John Wiley & Sons, New York, 1959. Price, $7.75. 

Although this book is entitled Anglo-America, it includes chapters on Green- 
land and an overview of the entire North American continent. The author shows 
the relationship between regional land use and the geographic environment, and 
regional activities. 

The areas considered are Greenland, Tundra of Alaska and Canada, Subarctic 
of Canada, Middle Atlantic Coastal Plain, the Northeast, Southwest Appalachians, 
Interior Seaboard, Central Farming Region, the South, Great Plains, Rocky Moun- 
tains, Intermontane Plains, and the Pacific Borderlands. Under each chapter are 
taken up the surface features, climate, soils, minerals, forests, power, agriculture, 
industries, and future outlook. Each chapter is well illustrated and concludes 
with a list of Selected References and Questions, Exercises, and Problems. 

The book is well written and should prove to be a popular text for short 
courses in geography. 


BOOKS RECEIVED 
CYRUS W. FIELD AND JOHN E. COTTON 


Chemistry of Nuclear Power, by J. D. Dawson and G. Lone. Pp. 208; figs. 22. 
Philosophical Library, New York, 1959. Price, $10.00. Authoritative and in- 
formative account of established practice, present thought, and future problems, by 
two chemists of the Harwell plant in England. 

Dictionary of Discoveries, by |. A. Lancnas. Pp. 201. 


Philosophical Library, 
New York, 1959. Price, $5.00. 


An alphabetical list of the tmportant discoveries 
on five continents and the polar regions, with sketches of the men and their dis- 
covertes, both marine and continental, including some geological. 

Dictionary of Atomic Terminology, by Lore Letrenmeyer. Pp. 298. Philo- 
sophical Library, New York, 1959. Price, $6.00. A dictionary in English, Ger- 
man, French, and Italian, of 1814 scientific and technical terms connected with 
atomic and nuclear physics, reactor engineering, and radiation physics. English 
words are alphabetical with English and German on one page and French and 
Italian aligned on opposite page; there are indices for the other three language 
terms. 

Annual Report for 1958. Pp. 185; pls. 14; figs. 4. Minister of Mines, Province 
of British Columbia, Victoria, 1959. The accumulated value of the mineral out- 
put of British Columbia was above the 4 billion dollar mark. 

Saline Deposition in the Great Basin. Paut B. Kerr. Pp. 126; figs. 29; tbls. 
37. Mineralogical Laboratory, Dept. of Geology, Columbia Univ., N. Y., 1959. 
Preliminary report of an extensive review of literature concerning saline deposi- 
tion in the Basin and Range province. 

Elements of Mineral Economics. J. J. Scuanz, Jr. Pp. 108; figs. 10; tbls. 8. 
College of Mineral Industries, The Pennsylvania State University, University 
Park, Penn. Price, $2.50. This text covers the fundamentals of mineral eco- 
nomics and 1s designed primarily for students of this field. 

Rasgos Tectonicos de las Sierras de Tandil (Pcia. de Buenos Aires). Pirerina 
Pasott1. Pp. 28; figs. 13; tbls. 7. Publication XLIII, Instituto de Fisiografia 
y Geologia, Republica Argentina. Study of the igneous and metamorphic rocks 
of the Sierras de Tandil. 
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The 1951 Eruption of Mount Lamington, Papua. G. A. Tayior. Pp. 117; 
figs. 157. Bull. 38, Bureau of Mineral Resources, Geology, and Geophysics, 
Canberra, Australia, 1958. A petrologic study of the lava flows is included in 
this account of this Peléan type of eruption. 

The Morapule Coalfield, Palapye Area. ©. J. van Straten. Pp. 66; tbls. 3. 
Map, 1 mm.:1 Eng. ft. Price, 5 sh. Bechuanaland Protectorate Geological Sur- 
vey Mineral Resources Rept. No. 1, Lobatsi, 1959. Detailed study of the separate 
coal zones of this district. 

Reports on the Geology of the Leeward and British Virgin Islands. P. H. A. 
MartTin-Kaye. Pp. 117; figs. 13; tbls. 7. Government Geologist’s Office, Cas- 
tries, St. Lucia, 1959. Stratigraphy, petrology, paleontology, and economic geology 
of the individual islands. 

Le Précambrien de la Frontiére Occidentale du Cameroun Central. Pierre 
Kocu. Pp. 300; pls. 16; tbls. 40; figs. 28. Service des Mines du Cameroun Bull. 
3, Yaounde, 1959. The petrology and structural geology of a complex Precambrian 
terrain in central Cameroun. 

Bulletin of the Geological Survey of Taiwan No. 11. Pp. %; pls. 4; figs. 5; 
thls. 36. Taipei, China, 1959. The occurrence, properties, and significance of 
the constituent minerals of the Tananao schist. 

Theoretical and Practical Treatment of Expansive Soils. Pp. 168; figs. 105; 
thls. 9. Price, $2.00. Quarterly of the Colorado School of Mines, Vol. 54, No. 
4, Golden, 1959. Includes five papers and discussions given at the First Soil 
Mechanics Conference at the Colorado School of Mines on April 23, 1959. 

Annual Report of the Geological Survey Department for the Year 1958. F. T. 
INGHAM. Pp. 46; figs. 6. Price, 100 mils. Nicosia, Cyprus, 1959. Includes 


short papers relating to the stratigraphy, paleontology, petrology, and economic 
geology of Cyprus. 

Die Grundlagen und Auswerteverfahren zur seismischen Bestimmung von 
Erdbebenmechanismen. HaAns-Joacnim ScuArrNner. Pp. 184; figs. 98; tbls. 
11. Freiberger Forschungshefte C63. Geophysik. Akademie-Verlag, Berlin, 
1959. Extensive study of the theory and evaluation of seismic data relating to 
earth movements. 


Reconnaissance Geology of the Elk City Region, Idaho. Rottanp R. Ret. 
Pp. 74; figs. 65. Idaho Bureau of Mines and Geology, Pamphlet 120, Moscow, 
1959. Well illustrated report dealing with the structural geology and petrology 
of a Precambrian terrain. 


Atlas of Illinois Resources. Section 2—Mineral Resources. Pp. 59; map. 
Illinois State Geological Survey, Urbana, 1959. Resources of sand, gravel, clays, 
fluorspar, sulfates, brines, iron and steel, miscellaneous non-metallics ; topographic 
maps; mining laws; references; glossary. 

Geonotes. Quarterly Journal of the Jamaica Group of the Geologists’ Asso- 
ciation, Vol. II, Pt.3. J. B. WittiaMs, Editor. Pp. 83-121; fig. 1. Price 2/6. 
Geological Survey of Jamaica Publication 55, Kingston, 1959. Papers on stratig- 
raphy, airborne techniques, origin of bauxite, and phosphatic band under the 
bauxite. 

Bulletin Geologique de la Nouvelle-Caledonie No. 1. Pp. 203, pls. 10; figs. 48; 
tbls. 30. Service des Mines et de la Géologie de Nouvelle-Calédonie, 1958. The 
first of a new series of bulletins dealing with the geology of New Caledonia and 
neighboring islands. 
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Gypsum in Newfoundland. Jonn H. McKittor. Pp. 25; photos 3; tbls. 4; 
figs. 4; maps 3. Province of Newfoundland Dept. of Mines and Resources, Min- 
eral Resources Rept. No. 1, St. John’s, 1959. Results of a detailed survey to 


evaluate the gypsum deposits occurring in Mississippian strata of southwestern 
Newfoundland. 


Eleventh Annual Report of the Joint Coal Board (Commonwealth of Aus- 
tralia and State of New South Wales) for the Financial Year 1957-1958. Pp. 
106; tbls. 40. Published in Sydney, 1959. 


Recent Exploration in the Kandabwe Coal Area, and Its Bearing Upon the 
Correlation of the Coal Measures of Northern and Southern Rhodesia. K. 
TAVENER-SMiTH. (Reprinted from Trans. Geol. Soc. South Africa, Vol. LXI, 
1958.) Pp. 17; figs. 3; tbls. 2. Northern Rhodesia Geological Survey Occasional 
Paper 21. Additional correlation of the Coal Measures has been provided by 
detailed mapping and subsurface data. 


Geological Survey of South Africa. Geologic sheets, scale 1: 125,000. Sheet 
175, Griguatown; with explanation; Ricktersveld (2 sheets). 

Geological Survey of Tanganyika. Two geological sheets, scale 1: 125,000; 
Chimala, sheet 71 S.W.; Oldoinyo Ogol, sheet 12 S.W. 

Soil Survey of Norfolk County, Virginia. E. F. Henry, J. Cuvpona, and H. 
C. Porter. Pp. 53; figs. 8; tbls. 10; fold-out maps 35 (scale 1: 20,000). Price, 
$1.75. U.S. Govt. Printing Office, Washington, D. C., 1958. 

Geology and Mineral Resources of Floyd County of the Blue Ridge Upland, 
Southwestern Virginia. R. V. Dierricu. Pp. 160; pls. 48; figs. 5; tbls. 2. 
Bull. of Virginia Polytechnic Institute, Vol. LII, No. 12, Blacksburg, Va., Oc- 
tober 1959. Despite numerous occurrences of various minerals, none are of com- 
mercial importance at the present time. 


A Symposium on The Sandhill Deep Well Wood County, West Virginia. 
Pp. 182; pl. 1; thls. 10; figs. 26. West Virginia Geological Survey Rept. of In- 
vestigations No. 18, Morgantown, 1959. Eleven papers pertaining to the geology 
encountered in the drilling of the deepest well ever to penetrate the Appalachian 
Basin. 


British Guiana Geological Survey—Georgetown, 1959. 
Report on the Geological Survey Department for the Year 1958. I’p. 55; 
fig. 1. Price, $1.00. 4,270 square miles were mapped on a scale of 1:125,000. 
Short article on alluzial columbite. 


Mineral Resources Pamphlet 8. Report on British Guiana White Sand as a 
Possible Source of Glass Sand. R. A. Dujarpin. Pp. 14; figs. 4; tbls. 8. 
Price, 25 cents. Description of a white sand deposit suitable for developing a 
local glass industry. 


Instituto de Investigaciones Geologicas—Santiago de Chile, Chile, 
1958-59. 
Bol. 1. El Agua Subterranea de Santiago. Informe Preliminar. R. J. Dinc- 


MAN and Lorenzo Barraza. Pp. 43; thls. 2; figs. 1. Groundwater report for 
the Santiago district. 


Manual 1. Fodosiles Guias Chilenos. Titoniano-Neocomiano. José CorvaLan 


and Ernesto Pérez. Pp. 48: pls. 16; thl. 1. Jilustrated study of the guide fossils 
with brief descriptions 
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Bol. 2. Geologia de la Cordillera de la Costa entre el Valle de La Ligua y 
la Cuesta de Barriga. Hersert Tuomas. Pp. 86; figs. 2, maps 2 (scale 1/ 
150,000). English abstract. Stratigraphy, petrography, and structural geology 
of Cenozoic and Mesozoic sediments with associated extrusives and intrusives from 
the Coast Range of central Chile. 

Bol. 3. El Titoniano de Rio Lefas Prov. de O'Higgins. José CorvaLAn Diaz. 
Pp. 65; pls. 7; figs. 8. English abstract. Description and discussion of ammonite 
and pelecypod fauna collected in eastern Chile. 


Geological Survey of Japan—Hisamoto-ché, Kawasaki-shi, 1959. 
Explanatory Text of the Geological Map of Japan. Pinneshiri (Asahikawa- 
20). Sacuio lo. Pp. 47; figs. 13; tbls. 5. Map, scale 1: 50,000. Mesozoic 
and Cenozoic sediments with associated flows and intrusions. Non-commercial 
deposits of lignite, asbestos and placer gold were noted. In Japanese; English 
summary. 

Explanatory Text of the Geological Map of Japan. Koshimizu (Abashiri- 
38). Tapao Suimapa and Kiyotsura YAzAKi. Pp. 21; fig. 1; tbls. 2. Map, 
scale 1: 50,000. Cenozoic sediments with associated dikes, sills and flows. In 
Japanese; English summary. 

Explanatory Text of the Geological Map of Japan. Inatori (Toky6-106). 
Kost Ono and Kiyosut Sumi. Pp. 27; figs. 8; tbls. 1. Map, scale 1:50,000. 
Continuations of nearby gold veins are noted in this dominantly volcanic terrain. 
In Japanese ; English summary. 

Bulletin of the Geological Survey of Japan, Vol. 10; No. 6. I’p. 101; pls. 10; 
figs. 71; thls. 32. Five papers dealing with landslides, sulfide deposits, geophysical 
studies, natural gas fields and exploratory drilling in Japan. In Japanese; English 
abstracts. 


Somaliland Protectorate Geological Survey—Hargeisa, 1958-59. 

Rept. 2. Geology of the Adadleh Area Hargeisa and Berbera Districts. J. A. 
Hunt. Pp. 16. 3 maps, scale 1: 125,000. Price, shs. 20/-. The Precambrian 
basement rocks are tentatively divided into six units. Lithologic characteristics 
permit tentative subdivision of the Precambrian basement rocks into six major 
units. 
Mineral Resources Pamphlet 2. Mineral Resources of Somaliland Protec- 
torate. J. W. Patiister. Pp. 154-165; pl. 1. (Reprinted from Overseas Ge- 
ology and Mineral Resources, Vol. 7, No. 2, 1959.) Results of a mineral explora- 
tion program in the basement rocks of Somaliland. Large, readily accessible 
gypsum-anhydrite deposits were noted. 


Virginia Department of Conservation and Economic Development— 
Charlottesville, 1959. 
List of Publications and Maps. [’p. 27. 
Information Circ. 1. Catalog of Oil and Gas Wells in Well Sample Reposi- 
tory on August 1, 1959. D. C. Le Van, Compitator. Pp. 11. Tabular listing 
of test wells and results for the period. 


Washington Division of Mines and Geology—Olympia, 1959. 
Information Circ. 33. Fossils in Washington. V. E. Livineston, Jr. Pp. 
35; pl. 1; figs. 17. Price, 25 cents. Elementary handbook for amateur paleon- 
tologists. 

Reprint 5. What Are the Prospects in Washington State? F. H. Wurpen. 
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Puget Sound Area Has Several Prospective Oil and Gas Basins. J. Q. An- 
DERSON. Pp. 9; pls. 4; figs. 5; tbl. 1. (Reprinted from July 1959 World Oil.) 
Two short articles dealing with oil and gas possibilities of Washington State. 


U. S. Geological Survey—Washington, D. C., 1959. 


Bull. 1046-Q. Stratigraphy of Triassic and Associated Formations in Part 
of the Colorado Plateau Region. J. H. Stewart, G. A. WiutiitaMs, H. F. AL- 
nee, and O. B. Ravup. Section on Sedimentary Petrology by R. A. Capican. 
Pp. 487-575; pl. 1; figs. 15; thls. 17. Price, 65 cents. Detailed stratigraphic study 
of formations in which numerous sandstone-type uranium deposits occur from the 
southern part of the Colorado Plateau. 


Bull. 1056-B. Index to the Geologic Names of North America. Drum Wi-- 
son, G. C. Keroner, and B. E. Hansen. Pp. 407-622. Price, 60 cents. Geo- 
logic names are arranged by age and by area containing type locality. 

Bull. 1058-F. Geology and Coal Resources of the Homer District Kenai Coal 
Field, Alaska. F. F Barnes and E. H. Coss. Pp. 217-260; pls. 12; fig. 1; 
tbls. 2. Description of the Tertiary stratigraphy and reserves of subbituminous 
coal of the western Kenai Peninsula, Alaska. 


Bull. 1058-G. Geology of the Mount Katmai Area, Alaska. A. S. KeLver 
and H. N. Reiser. Pp. 261-297; pls. 4; figs. 3. Geologic map, scale 1: 250,000 
in pocket. Jurassic, Cretaceous, and Eocene sediments, locally overlain by vol- 
canics, are intruded by Jurassic and Tertiary silicic and mafic igneous rocks. 


Bull. 1072-F. Mineral Occurrences of New York State with Selected Ref- 
erences to Each Locality. E. M. Luepke, C. T. Wrvucke, and J. A. Grama. 
Pp. 385-444; pl. 1. Includes more than 1,000 mineral occurrences. All localities 
are shown on a map. 


Bull. 1072-1. Beryl Deposits of the Beecher No. 3-Black Diamond Pegmatite, 
Custer County, South Dakota. J. A. Reppen. Pp. 537-559; pls. 2; fig. 1. 
This pegmatite, from which large quantities of beryl are extracted, is believed to 
have been formed. by the intrusion of a large pegmatitic magma. Subsequent 
crystallization with progressiwe fractionation resulted in the formation of five 
distinct zones within the pegmatite. 

Bull. 1077. Geology of the Lake Mary Quadrangle Iron County, Michigan. 
R. W. Baytey. Pp. 112; pls. 7; figs. 33. Precambrian sedimentary and volcanic 
rocks are cut by intrusive rocks.of several different ages and types. At least 2 
periods of metamorphism are noted. 

Bull. 1081-B. Stratigraphy of the Inyan Kara Group in the Black Hills. K. 
M. Waace. Pp. 11-90; pl. 1; figs. 5. Price, 40 cents. The subdivision and 
nomenclature of the Inyan Kara group is adjusted to conform to the twofold 
lithogenetic division that has been recognized elsewhere in the western interior 
region. 

Bull. 1092. Stratigraphy of Middle Tertiary Rocks in Part of West-Central 
Florida. W. J. Carr and D. C. Atverson. Pp. 112; pls. 3; figs. 16; thls. 4. 
Price, $1.25. One contribution of this paper is the improvement of techniques 
used in correlation in a region where weathering has thoroughly altered the rock. 
Bull. 1094. Geology of Possible Petroleum Provinces in Alaska. |). |. 
Mitier, T. G. Payne, and Georce Cryc. Pp. 131; pls. 6; figs. 3; thls. 6. Sum- 
mary of possible sources of petroleum. Includes an annotated bibliography of 
Survey publications on petroleum and oil shales in Alaska by E. H. Cobb. 
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Bull. 1097-B. Lead-Alpha Age Determinations of Accessory Minerals of 
Igneous Rocks (1953-1957). H. W. Jarre, Davip Gortrrriep, C. L. 
and H. W. Wortuinc. Pp. 65; tbl. 1. Price, 30 cents. Tabular listing of 400 
samples with pertinent information and including location cross references. 
Bull. 1107-A. Bibliography of U. S. Geological Survey Reports on Uranium 
and Thorium 1942 Through May 1958. P. FE. Soister and D. R. Conkiin. Pp. 
167. Price, 50 cents. 

Prof. Paper 317-A. Geology of the San Juan Metropolitan Area, Puerto Rico. 
C. A. Kaye. Pp. 48; pls. 9; figs. 5. Map in pocket, scale 1: 30,000. Stratig- 
raphy, petrology, and engineering geology of late Mesozoic and Cenozoic sedi- 
ments and associated intrusives. 

Prof. Paper 317-B. Shoreline Features and Quaternary Shoreline Changes, 
Puerto Rico. ©. A. Kaye. Pp. 49-140; pls. 3; figs. 57; thls. 5. Price, $1.50. 
Discussion of processes responsible for the various shoreline features of Puerto 
Rico. 

Water-Supply Paper 1320-D. Floods of January 1953 in Western Oregon 
and Northwestern California. S. FE. Rantz. Pp. 321-339; pl. 1; figs. 6; tbls. 3. 
These floods were notable for the magnitude of peak discharges over such a large 
area. 


Water-Supply Paper 1459-A. Survey of Ferrous-Ferric Chemical Equilibria 
and Redox Potentials. J. D. Hem and W. H. Cropper. Pp. 31; figs. 2; tbls. 
11. Price, 15 cents. Determination of the stability fields for the ionic species 
Fe***, FeOH**, Fe(OH ).4*, Fe**, and FeOH*. 

Water-Supply Paper 1483. Geology and Ground-Water Resources of the 
Upper Lodgepole Creek Drainage Basin, Wyoming. |.. |. Byorkiunp. 
Chemical Quality of the Water. R. A. Kriecer and E. R. Jocuens. Pp. 40; 


pls. 2; figs. 2; tbls. 5. The principal sources of ground-water are the Brule, 
Arikaree, and Ogallala formations and unconsolidated deposits of Quaternary age. 
Water-Supply Paper 1542-A. Flow-Duration Curves. Manual of Hydrology: 
Part 2. Low-Flow Techniques. J. K. Searcy. Pp. 33; figs. 13; tbls. 3. 
Price, 20 cents. A method for adjusting flow-duration curves (cumulative fre- 
quency curves) of short periods to represent long-term conditions is presented. 


SCIENTIFIC NOTES AND NEWS 


A program in Vulcanology, Geochemistry and Petrology is being organized for 
the Helsinki meeting of the International Union of Geodesy and Geophysics July 
25-August 6. Symposia on Geochronology, High Pressure Chemistry, Isotope 
Geology, Atmospheric Chemistry, as well as a general program in geochemistry 
and petrology, will take place beginning July 24 and going through July 28. An- 
nouncement of the detailed program will be made later this spring. 

Ronap J. P. Lyon, formerly associated with the Kennecott Research Center 
in Salt Lake City, has taken the position of Senior Geochemist with the Depart- 
ment of Earth Sciences, Stanford Research Institute, Menlo Park, Calif. Dr. 
Lyon will be directly responsible for the development of research programs in 
geochemistry, particularly as applied to problems of ore genesis, mineral processing, 
and mineral exploration. 


Ricuarp F, Foose, Chairman, Department of Earth Sciences, Stanford Research 
Institute, Menlo Park, Calif., has returned from Geneva, Switzerland, where he 
served as one of the technical experts to the United States Delegation Conference 
on Nuclear Test Suspension, November 25 to December 19, 1959. 


M. H. frouperc, Toronto, Ontario, has been appointed technical consultant 
to the Ontario Securities Commission. He is continuing his private practice as a 
consulting geologist. 


ALLAN M. Suort of Golden, Colo., is making an industrial survey in Puerto 
Rico during January and February. 


Donatp L. Evernart has joined International Minerals & Chemical Corp. as 
Chief Geologist in the Mining and Exploration Department. He was for 10 years 
chief geologist for the Atomic Energy Commission, and before that, he was 
geologist with the minerals deposit brarich of the U. S. Geological Survey for 
six years. 


WitiiaM M. Furnisu, Jr., Professor of Geology at the University of lowa, 
Iowa City, will become president of the Society of Economic Paleontologists and 
Mineralogists on April 28, 1960. Serving with him on the 1960-61 Council will 
be Samuet P. Ex.ison, Univ. of Texas, Austin, as past-president; Laurence L. 
Stoss, Northwestern Univ., Evanston, Ill., as vice-president; Joun Imprig, Co- 
lumbia Univ., New York City, as secretary-treasurer; M. L. Tompson and 
Cuaries W. CoLiinson, State Geological Survey, Urbana, Ill., as co-editors of 
the Journal of Paleontology; and Jack L. Hovucnu, Univ. of Illinois, Urbana, as 
editor of the Journal of Sedimentary Petrology. 


Antuony L. Payne has become associate professor of mining at Mackay School 
of Mines in Reno where he will teach mineral exploration. 

AcBerto J. Terrones of Mexico City left the geological staff of the Anaconda 
Co. about a year ago and has been making geological investigations in Mexico, 
South America, and Australia, and returned to Mexico City in December. 
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Sytvio Frées Asrevu, Director of the National Technical Institute, Rio de 
Janeiro, and W. D. Jounston, Jr., Foreign Geology Branch, U. S. Geological 
Survey, Washington, were awarded the Vosé Bonifacio de Andrade e Silva Medal 
of the Sociedade Brasileira de Geologia at the XIII Brazilian Geological Congress, 
held in Sao Paulo in November, 1959. 


G. Eart Harspeck, Jr., formerly Research Engineer of the U. S. Geological 
Survey’s General Hydrology Branch, Denver, Colo., has been appointed Branch 
Area Chief of the same organization. He replaces Harotp V. Peterson, re- 
assigned as Staff Scientist, General Hydrology Branch, Denver, Colo. Mr. 
Peterson will devote full time to research and writing in the field of “Hydrology 
of the Public Domain.” 


Paut Wetr, Chairman of the Board, and J. P. Wetr, Vice President, of the 
Paul Weir Company, Chicago, recently returned from Australia after examining 
and evaluating a group of three operating mines and adjacent reserves near Syd- 
ney, New South Wales. 


C. WATERMAN, Exploration Geologist of The Anaconda Company and 
formerly Chief Geologist at Chuquicamata, has been appointed Chief Geologist 
of The Anaconda Company (Canada) Ltd. with offices in Toronto, Ontario. 


Peter T. FLAwn will be on leave of absence from the Bureau of Economic 
Geology of the University of Texas, January-March, 1960, to join the faculty of 
Northwestern University as a visiting lecturer in geology for the winter quarter ; 
he will present a series of lectures on the application of petrography to tectonic 
problems. 


Cartton D. Hutin, consulting geologist, San Francisco, died on October 8, 
1959, 
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